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PART TWO
METHODS AND INSTRUMENTS FOR DETERMINING PARAMETERS OF HEAT AND MASS TRANSFER

THERMOPHYSICAL METHODS IN DETERMINING COMPOSITION OF ABSORBED DOSES OF
IONIZING RADIATION

B. A. Briskman, V. D. Bondarev, Yu. V. Matveyev

|
and N. D. Stepanov ’
|

i

When sources of mixed radiation are used (mainly, nuclear reactors), the : :

. V i

task of determining the composition of absorbed doses of ionizing radiation :'
cropped up, since in this case the absorbed energy is caused by different

kinds of radiation. Existing methods are highly approximational.

When radiation interacts with a compound, a gradient of energy release is "
induced, corresponding in direction with the gradient of radiation flux. The ) :
value of this gradient depends on the kind of radiation and its energy. f

In the case of uniformly distributed sources of heat and symmetrical | '
boundary conditions, steady-state temperature distribution symmetrically
relative to the mean plane of the specimen irradiated or its axis (depending
on the geometry of the system) a maximum.is: pro&uced at the center of the
specimen. When there is a gradient of heat release, the symmetry of temper-
ature distribution is violated in the direction of the gradient, and this
violation is the stronger, the greater the gradient of heat released.
Harmonizing the type of temperature distribution and the size of the heat
release gradient, we could from the nature of temperature distribution
estimate the kind of radiation interacting with the given system. It is first
necessary to establish a relationship between the gradient of absorbed radi-

ation doses and the kind of irradiation at a specific energy.

With the above considerations allowed for, a method has been developed
for determining the composition of absorbed doses applied to nuclear reactors,

where polyethylene was used as the specimen material. In this case in

practical terms the contribution to the absorbed dose was made by two kinds of

radiation -- fast neutrons and Y-quanta of the reactor spectrum.
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Experimental results of authors show that distribution of energy releases-
(absorbed doses) in a polyethylene specimen having the geometry under study
can be described both for y-radiation as well as for the fast neutron flux by _

an exponential relationship of the type E& = exp (~kx). The density of the
sources is practically constant in the direction of the transverse axis y. a
The exponent k is taken as equal to 7.0 n{'1 for the y-radiation of the reactor o

spectrum, and k = (18.0-20.2) m-l for the neutron irradiation of the corre-
sponding spectrum. .

Choice of polyethylene was determined by .the following considerations: ‘
1) low specific weight -- weak attenuation of y-radiation; 2) high content of
hydrogen -- great attenuation of neutron radiation, that is, we had a sharp
difference in attenuation of two types of radiation examined; 3) relatively
low coefficient of thermal conductivity (A =~ 0.35 w/m °C) -- high temper-

ature gradients at relatively low intensity of heat release sources.

For the given geometry of the transducer and the esnzrgy release

e ———— € i R A e -

distributions obtained, the two-dimensional steady-state task of thermal

[

conductivity was solved for the case A = const and E§ = exp (~kx). In view

of the cumbersomeness, results of the analytical solution are not given here.
Solution of the problem was undertaken in parallel on the MSM-1l analog network
machine. Analysis of temperature distributions showed that the following

relationships can serve as criteria that are most sensitive to the energy
release gradient:

€ 2 Chamt ity ter), -

Bt -t t) I
and
Q = Be = (, -t/ - toXbotae
Experimental results demonstrate that for several reasons it is most conveni-

ent to use the criterion ¢ = £(h, k), where h = a/A. Based on the exponential
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form of the attenuation curves, the function k = f(m) was obtained for each of
the two kinds of radiation. From the relationships ¢ = f(h, k) and k = f(m)
the following functions were obtained as working curves, ¢ = f(h, m, kn)’
which are shown in Figure 1. Here, kn = exponent for the neutron component
taking on values from k = 18.0 to k = 20.0 m-l depending on the distance to

the center of the active zone.

The transducer design is shown in Figure 2. Thirteen copper-constantan
thermocouples in quartz capillaries were encapsulated in a polyethylene block.
Distances between the thermocouples were measured by means of X-ray spectro-
scopy. Previously, the unknown ratio h was determined with the aid of a
Fourier equation by graphic differentiation of the curve of temperature
distribution or with the aid of the approximational equality,

by 3 (t2 - 51)/t61_2'

Thermocouples (12) and (13), shown in Figure 2, were used in arranging the
transducer in such a way that the plane of the thermocouple embedding

coincided with the radiation flux gradient.

The evaluation made of the effect of intrinsic absorption of radiation by
thermo/couples on measurement precision showed that this factor is substanti-
ally important only in the nonsteady state regime. The effect of intrinsic
absorption is negligible for the steady state when it is taken into account

that temperature quantities enter into the dimensionless criteria.

The maximum error in the method is 6-9 percent and the reproducibility
of the method is 4-5 percent. This error is considerably less than the
maximum error of existing methods (20-25 percent), which 1s very essential for
several practical applications. The range of applicability of the method 1lies
in two-component radiations given symmetry of the radiation flux.

Symbols ‘
qv = relative intensity of internal heat-release sources; a = coefficient

of heat release; A = thermal conductivity coefficient; 6i-2 = digtance between

heated arms of thermocouples (1) and (2) (cf. Figure 2); k = exponent of the
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curve of heat-release attenuation; m = relative value of the neutron compon-
ent; x = variable thicknesg; tH' tl(’ tcen and tme ar temperatures on the
transducer wall facing the radiation source, on the opposite wall, in the
transducer center and in the ambient enviro{ment, respectively.
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Figure 2. Sketch of transducer used in measuring composition of s ‘
absorbed dose of mixed ionizing radiation: 1, Polyethylene block; v
2, Aluminum sleeve; 3, Thermocouple cable; 4, Heated arm of
thermocouple; 5, Cross section of transducer.
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ERRORS IN DETERMINING THERMOPHYSICAL COEFFICIENTS OF A BODY

L. A. Brovkin

Errors in determining thermophysical coefficients are caused by errors in
measuring temperature at 2 given point of the body. With the nonsteady-state
method, distortion of transducer readings occur owing to the difference of its
heat capacity CT from the heat capacity of the body being tested CM. In the
quasi-cteady state regime (or the regime approximating it) in which the
specimen is heated at the rate U deg/sec, the region of AV occupied by the
transducer can be considered as a region in which there exists a fictitious
heat source of intensity AQ = AV(cM - cT)U joules/sec. Errors in measuring
temperature are determined after superimposing on the main temperature field
of the body the source field under the conditicen that the mean temperature
value of the field of the fictitious source is equal to zero. Thus, for a
transducer -- a wire of diameter d, lying along the axis of a cylindrical

specimen of diameter D, we get

Cn=C)dU (. D
6T=(N Cydu (Cﬂ-'a]z"%) 0

3 X,

As another possible cause of error in temperature measurements, we will
consider nonequilibrium thermal state of a body arising in the course of
thermal conductivity, when the energy in degrees of freedom of a molecule in
the gaseous body 1s distributed with a deviation from the laws of its
distribution under the conditions of thermal equilibrium [1-3]. We
distinguish the temperature of a gas calculated on the presumption of local
thermal equilibria with respect to the energy of the external degrees of
freedom Text’ and the temperature corresponding to the energy of vibrational

degrees of freedom T The temperature corresponding to the overall energy

int’
reserve of thermal movement on the assumption of its equilibrium distribution
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over degrees of freedom, Teq’ is determined by the formula

TPﬂbn = -—-L.._hm___!!ﬂ_.._ﬂr_c llﬂtT re T" . (2)
Comun * C‘wfr

If in the thermal conductivity process measurement of the temperature

T is carried out by some ideal instrument so that T = T , then it is B
meas meas eq

possible that the nonequilibrium thermal state of the compound has not been &

given attention. Actual methods of measuring temperature are accompanied by

the error 6T = Tmeas =) Teq' In particular, measurement of the gas temperature

from its density gives T ~ T __, since the pressure and the specific
meas ext

volume of the gas is determined by parameters of translational degrees of
freedom. Then

BTy ==t

Tonewn=T
Cores L (Tonewn ™ Tompy) 3

Measurement of a gas temperature by its emission gives Tmeas o Tint’

since radiation of the gas is caused mainly by parameters of its vibrational
degrees of freedom. Then

C pnewn I :
S = =Ty~ Tius) (4)
) Conew * Couyn it

Let us evaluate numerical values of §T. For simplification, let us
assume that in the collision of molecules only the energy of the external =
degrees of freedom is transmitted and specifically by way of transport in
space of this energy from molecule to molecule and that a given flux A+VT,
The rate of energy transport is evaluated by the quantity W = /;7?;212: [31.
For monoatomic gases, Trelax is defined as the time of relaxation of energy of
translational degrees of freedom, for diatomic gases (especially at low
temperatures) -- as the time of rotational relaxation, and for polyatomic

gases at high temperatures -~ as the time of vibrational relaxation.
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At a given moment in time, of the "transit" energy of external

degrees of freedom is enclosed per unit volume of the body. At this energy
the processes of its transport cannot be redistributed in the equilibrium
ratio between external and internal degrees of freedom, since the character-

istic time of the process T = v/w sec (where v = length of the free path

proc
of particle that serves as energy carrier) is considerably less than the time

of vibrational relaxation T Since for N2 and CO2 under normal condi-

relax’

tions, the time of vibrational relaxation is evaluated (by extrapolation of
-2 -6

data) [2] as T elax 3-10 © sec and ;relax 410 sec and the ratio

T /T , respectively, is 7.5°10° and 180. The presence of the "transit"

relax’ proc

AVT
energy is caused by the drop Text - Tint w.ceXt. The additional drop

Text = Tint arises when there is some heating rate at a given point of the

body. If the energy of internal degrees of freedom is supplemented only by

way of energy of external degrees in the relaxation process, then

Text - Tint - Trelax;vib.u' As a whole, in the thermal conductivity process
we have
A -vT'. - aT
Tbntwu-Tbnwp:' W € anewn * Toen, xon' aT ’ (5)
-6
-] - =
For 002 at 700°C, we have Cint 0.45/cint + & <t and Trelax,vib 10 = sec

[2]. Then when dT/dt = 0 and V1 = 105 deg/m, from formulas (3) and (4) we

find GTl = +0.89°K and 6T, = -1.09°K. Different methods of measuring the

2
temperature of a gas in our example give errors in the limits +0.89°K > 6T >

> -1.09°K.

For any methcd of measuring temperature, some error 8T , caused by
deviation of the actual law of distribution of molecules by velocities from
the equilibrium Maxwellian distribution. On the basis of dynamic equilibrium
when there 1s steady-state thermal conductivity of the molecular diffusion
process responsible for the deviation, and of the relaxation process leading

to its elimination, we derive the formula
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The values of §T' from formula (6) are small and can be taken into
account only for polyatomic gases at high rarefaction. As we know, in a rough
approximation formulas describing thermal conductivity in gases extend also to
solids. Interesting results have been obtained calculating 6T' from formulas
(3, 4, 6) for polymers of the rubber type that are of high molecular weight.
(The number of molecules forming the lattice of a body is small per unit
volume of the body.) It can be assumed that thermal resistance of a body is
mainly determined by resistance at the molecular faces and that the main
role in the thermal conductivity process i1s played by phonons having a
wavelength that exceeds intermolecular distances. Then, by determining the
heat capacity of external degrees of freedom of the lattice by the Dulong-
Petit law, we find the length of the free path of the lattice phonon from the

formula v = Small values of et (fraction of a percent of the heat

ext
capacity of intramolecular degrees of freedom) and the low velocity of sound w

(for rubber, two orders of magnitude lower than for glass) give upon calcula-
tion high values of v and values of 8T' estimated by order of magnitude of
degrees even for relatively small temperature gradients (~ 8000 deg/m). If
for gases the error 6T is small, and upon experimental determination of
coefficients can scarcely be detected, then for some solids, as it appears to

us, this possibility is not precluded.

Symbols
Coxt and Cint ™ contribution to the heat capacity of the body of the
external and internal degrees of freedom, respectively; A = coeffici:nt of
thermal conductivity; VT = temperature gradient; M = number of coll’.sions of
molecules leading to establishment of thermal équilibrium; b = rate of rise in
heat capacity of gas with temperature rise; a = temperature coeffi:ient of

thermal conductivity.
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METHODS OF INVESTIGATING THERMOPHYSICAL PROPERTIES OF SOLID MATERIALS IN A
REGIME OF MONOTONIC TEMPERATURE CHANGE

S. Ye. Buravoy, Ye. S. Platunov and Yu. P, Shramko

In recent years great interest has been shown in research on modern heat-
resistant materials: oxides, carbides, nitrides, silicides, borides and their
compounds. The efficiency of these materials to a large extent is determined
by their thermophysical properties. However, investigation of these proper-
ties involves serious methodological difficulties, especially in the
temperature range above 500°C, where tests as a rule are conducted on large-

size specimens and are prolonged and expensive,

The present study considers two methods affording investigation in a
comprehensive way in a single experiment of the temperature dependence of heat
capacity and the temperature dependence of thermal diffusivity of the above-
indicated materials practically up to the melting points. The methods
mutually supplement each other, having different zones of working temperatures.
Their basis is general regularities intrinsic to methods of monotonic
temperature change [1, 2]. For testing, rod-shaped specimens are used.
Earlier, methods analogous to the experimental regime were advanced applicable
to long rods with L/D > 10 [3, 4]. The methods examined here are the general-
ization of these earlier methods for the case of short rods (L/D 2 1). The
methods are suitable in studying not only the above-indicated, but also any
other isotropic materials with thermal conductivity of (5740) w/m+deg.

The first method is intended for research in the temperature range
(50-900)°C for specimens of (20-30) mm diameter. A schematic is shown
in Figure 1. The main elements of the device consist of a low-inertial
tubular heater, a system of lateral and end-face screens, a radiation
calorimeter, and three thermocouples. The thermocouples were mounted in

hypodermic needles, which were subsequently securely attached to the base of a




——

massive hermetic chamber. The tests were conducted in an inert medium. The
specimen was mounted on the thermocouples and placed inside the heater (its
length coincided with the specimen height). Later the specimen was monotonic-
ally heated with an electric heater. Screens reduced the heat losses from the
ends of the sample and the external surface of the heater, and the heater
losses were directly measured by the radiation calorimeter. The operating
principle and the design features of the calorimeter have been described in
detail in [5].

The mean-bulk temperature tv(r) was measured along with the radiation
drop eor(r) in the specimen, the electrical intensity of the heater W(t) and
the calorimeter readings Qp(r). The heater was supplied with alternating
current of industrial frequency. Its supply conditions were chosen in such a
way that the temperature drop in the specimen was 10-30 degrees. This corre-
sponds to usual heating up at rates of (1-3) deg/sec. All electrical signals
were recorded by the EPI-09 type electronic potentiometer. Thermal converters
of the same type as in [6] were installed to record the current and voltage in

the heater circuit.

Calculation of heat capacity C(tv) was carried out by means of the

formula

C = ___LW" Q o e i :

(‘tv) m'Bv (' AS'O —As;_) (1)

which derived from analysis of the heat balance of the measuring device, if it
is taken into account that the total thermal flux of the heater W is expended
mainly in heating up the specimen and in the losses Qp in the surrounding
medium. Heat losses in warming up the heater proper, screens and leaks from
specimen faces were small and were taken into account in formula (1) by
the analytical corrections Aoc and Ao,,. The correction Aoc was calculated by

T
means of the relationship

o soz-. Cu 8"+C’.'_L.
v

Co (2)

-256~

e e ekt e

s TR

SR - | mdha . 88 e Dostn s A i e =




’ The structure of the correction AoT is determined by the system of end-face

f screens and by the properties of the gaseous medium. It is advisable to

[ include in it elso heat leaks from thermocouples and from the mounting

b reinforcements of the specimen. In the optimally corrected calorimetric

device, both corrections in the total can be reduced tc the values 0.03-0.1,
f commensurable with the permissible error of the method, therefore their
} analytical estimation is wholly justified.

In calculating the coefficient of thermal diffusivity a(tv), we uged the ¢
formula

. .
a(t,) -%}—3—--(1*66]': a6a) 3)
oR

where Ach and Aoa = corrections allowing for end-face heat transfer of the

specimen and the temperature dependence of thermophysical coefficients

_1 9 R
2642 G

1 .
K2 h 4)

L Aﬁ',r"q‘-(Kr'Z"n*"s.v)""on (5)

Formula (3) with the correction (4) and (5) were obrained on the basis
of solution of the nonlinear equation of thermal conductivity

XY, oU g .
j a'b" "36'6—1. g_-l""%" [Bo(Kq']ﬁs)‘x"' K CZ}-{)Q . (6) '

at the boundary conditions

a
| RY-OR ™ L__:‘ o ™
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In deriving the system of equations (6)-(8), specific simplifying
presuppositions and assumptions were brought into the picture. In particular,
interrelated restrictions on permissible ratios betwee: specific fluxes 9y,

and ap and temperature drops eor and eoh in the specimen were adopted
) Q < 2. "‘ .' . . "
n 0294, Nmkqavlﬂo'“] : (9

A restriction on the permissible value of the radial drop eor in the
specimen was introduced, as a consequence of which it served as the presuppo-
sition on the linear nature of change in A(t), a(t) and b(t) in the limits
8 r used in solving (6)-(8):

A= 2o (14K, W, ) 10r0, (14K W ) u B Bu(14 K W) (10)

The specific value of the permissible quantity eor was selected from the

condition

| K, o] € 01 5 kgl <01 u [Kyyr Y [ <O a1

which must be fulfilled jointly.

The combined solution of equations (6)-(8) were made by the method of
successive approximations ("small—diamtéfer" method) [1-4]. 1In the problenm
under consideration, the first approximation is an analytical expression for
the temperature field of the specimen 6(x, r, t) with a precision not poorer
than t]l percent. From practical considerations in going from 6(x, r, 1) to
formula (3), a shift in the base temperature to(T) was made from the central
point of the specimen to the point having a mean-bulk temperature tv(T). This

shift allows us to decrease the size of the corrections th and Aoa.

Equation (6) has in explicit form the coefficients kb ’ characterizing
’
change in heating rate at specimen points differing in coordinates r at a

specific moment of time. However, the correction Aoa in (5) includes the

-258-
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coefficient kb in place of kb .» the former coefficient [kb ] nonlinearity
’T .1. .T
of specimen heating with time.

of the relationship [1]

The substitution was made with account taken

KS"—' K..;'kq (12)

and was justified by the fact that experimental determination of kb T 1s more
’
preferable than for kb,r'

The second method was intended for research at temperatures higher than

900°C. The specimen can be rectilinearly prismatic in form (long rod of

square cross section) and round-shaped rod-like in form with L/D = 1, or

cubic. The smallest dimension of the specimen, depending on the value of its

thermal conductivity, can be 10-20 mm. The experiment was conducted in a

regime of free cooling of a preheated specimen in a vacuum medium at room

temperature. A description of a similar method developed for investigating

specimens in the form of a square-ended prism is found in adequate detail in
(7, 9], therefore here it is convenient to note only its distinguishing
features, paying attention to additional factors that become manifest when we

pass on to investigating small-size specimens (cylinder of finite length and
cube).

Figure 2 presents a diagram of the experimental layout of the method.
Its main assemblies include a vacuum chamber with a tubular electric heater, a

luminosity photographic pyrometer, and a radiation calorimeter with the

EPP-09 type electronic potentiometer. Supplementary equipment of the layout

includes a vacuum unit, a heater power supply system, and a system for water
cooling of the chamber.

The tested specimen was secured in the working zone of the chamber by

means of thin tungsten or molybdenum tension wires. The heater was made from

a graphite tube 24 mm in diamfrter with 2-mm-thick walls. The tube was

cleaved in the vertical plane into two halves. After the specimen was heated

(Figure 2, b), both halves of the heater were shifted by means of a driving
gear (showm in Figure 2, c by arrows), turning toward the specimen with its

external water-cooled screens, owing to which the specimen is able to be sub-

ject to free cooling in the working zone of the chamber.

=259~
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The radiation calorimeter, as in the previous method, measured the
thermal scattering flux. In this diagram, this flux is emitted directly by

the specimen surface and completely determines the heat balance of the latter
from the medium.

When the specimen 1s freely cooled over its surface, as well as through
its entire bulk, a nonuniform temperature field is induced. The photographic
pyrometer used in the diagram affords recording with time of the temperature
field over the lateral surface of the specimen. The presence of a dead-end
opening with L/D = 4 affords measurement of the true temperature in the
central portion of the specimen. The pyrometer was put together based on the
Zenit seriles-produced camera, 'in which the shudder was replaced by a synchron-
ously rotating disk with a slit, the frame was reduced down to 4 mm with
respect to film length, and the film itself is advanced discretely by means of

an electromagnet operating synchronously with the disk. A detailed descrip-
tion of the pyrometer can be found in [8, 9].

The calculation formula for the coefficient of thermal diffusivity is of
the form

B, 0%
a(t)s E._O'Z (1~ a6y (13)

Here k = shape factor (for the square-end prism k = 4, for the cube and
cylinder with L/D = 1, k = 6). The corrections entering into (3) allow for
the effective temperature dependences for A(t), a(t), e(t) and b(t), usually

do not exceed 0.2 in value, and can be estimated by means of approximational
relationships.

For the cube with 2h x 2h x 2h:

30'-7h 0 8h'
20 (h%iY)

3
A tRa (1-2 )+

¥ 2 l- h"
» R0 |, 2L-uh-6( /Lﬂ']l\’cl

» 3(htee) R Y 2

(14)
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For the bounded cylinder with L/D = 1

. oe'-77R - 532 'R - 15(R%1)
a0, 3Bl = 1QQ(C‘+R‘)( -
- ' : (15)
- a(tRY)-RArie a3 (V)
(L*+RY)

% (Kye=2Kg-% KV |

The calculation formula (13) with the corrections (14) and (15) was
obtained just as formula (3) of the preceding method. The procedure in
solving the problem and the prerequisites used agree with those for the
square~end prism [4].

In calculating the mean-bulk heat capacity of specimens (cube and
cylinder with L/D = 1), the following general formula is valid

3@, . (16)
(b= ¥R

Formulas (13) and (16) are fundamental and do not reflect practical
features of the measuring layout in the method. In particular, the ratio
(b/6) in (13) when a photographic pyrometer is present i3 replaced by the
ratio of the corresponding drops in photographic densities in the film [7].
The photographic pyrometer and the radiation calorimeter afford direct
measurement of the luminosity and radiation temperatures on the surface of the
specimen. When we move on to the true temperature, we must know the spectral
sA(t) or the overall e(t) blackness coefficients. The coefficient sA(t)
is determined by comparing emission of the dead-end opening and that from the
specimen surface, and the coefficient e¢(t) ~- from readings of the radiation
calorimeter. However, in several cases, in view of the instgbility of the
values e¢A(t) and e(t), it is advisable to repeat the experiment with a
specimen whose surface is artificially coated with graphite or other coating,

whose blackness coefficient is known.

Radiation calorimeters in both methods consist of multi-arm thermopiles.

Their calibration was carried out in the fully assembled experimental layout
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for the power consumed by the heater in the steady-state operating regime.

Both methods considered have been actually tested in the form of labor-
atory type experimental layouts (Figure 3). In the course of their develop-
ment the devices. were used to study several materials, including armco-iron,
heat-resistant steels, titanium alloys, zirconium carbide, a-corundum and
magnesite. By way of example, Figure 4 presents experimental data for armco-

iron and this data is compared with the most reliable literature data.

Symbols
D = 2R = gpecimen diameter; L = 2h = height; r and x = running

coordinates; . = distance of fixed point on specimen face relative to its
center; T= time; t(x, r, T) = temperature; b = §t/ét; to(r), tv(r) and
tn(r) - gentral mean-bulk and mean-surface temperatures; bv = Gtv/GT;

b, = Gto/dr; 8(r, x, 1) = t(r, x, 1)-t(0,01);

Uy ek (ROT) £00%); Uan=t(OhT) -£(00T); B=t(EhT)-LONT)

dp and q; = specific thermal fluxes at the lateral and end-face surfaces;

m = mass specimen; . A(t), a(t), c(t), e(t) and eA(t) = coefficients fo thermal
conductivity, thermal diffusivity, heat capacity, overall and spectral
blackness of the specimen; kl? ka and ke = relatiye temperature coefficients
of A, a and €3 (ki = 1/i° di/de); kb,T - 1/bo db/dt = coefficient character-
izing change of rate in time; kb.r = 1/bo db/d6 = coefficient characterizing
change of rate with respect to coordinate r; W = total power of heater;

Qp = radiation flux from heater (or from specimen) into the surrounding

environment.
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Figure 1. Diagram of measurements in the temperature range
(50--900)°C: 1, Specimen tested; 2, Heater; 3, Metal screens;
4, Thermocouples; 5, Vacuum gasket; 6, Water-cooled housing;
l 7, Radiation calorimeter; 8, Thermal converter of current;

9, Thermal converter of voltage; 10, Step down transformer;
11, Automatic transiormer.

! Figure 2. Diagram of measurements ia the temperature range above

! 900°C: 1, Specimen tested; 2, Graphite heater; 3, Radiation calor-
! imeter; 4, Tension wires; 5, Vacuum gasket; 6, Shifting vacuum

i gasket; 7, Peephole; 8, Photographic pyrometer; 9, Water-cooled

* heater screen; 10, 0SU-40 step down transformer; 11, Current

‘ transformer; 12, AOSK-25 automatic transformer.
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Figure 3. External appearance of experimental device for'femper-
atures (50-900)°C
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Figure 4. Experimental data on thermal diffusivity and heat
capacity of armco-iron: O, [11], initial heating heating in vacuum;
x, [11], after repeated heatings and coolings in vacuum; A, [10];

x, our data, first heating in argon; O, our data, second heating
in argon; O, [12]; O, [13]; ¢, [14]); O, (15].

-265-

e climall.




References

1. Platunov, Ye, S,, Teplo- t Maseoperenos, (Heat and Mass Transfer), ITIMO
Press of the Academy of Sciences Belorussian SSR, Vol, 7, 1968.

2., Placunov, Ye, S., IZV, Vusov. Priborostroyeniye, Vol. 7, No. 5, 1964,

3. Dul'nev, G. N., Ye. S. Platunov, V, V, Kurepin, and S. Ye. Buravoy,
Teplo-i Massoperenos, (Heat and Mase Transfer), Nauka i Tekhnika Press,
Minsk, Vol, 7, 1966,

4., Platunov, Ye. S., et al., TVI, No. 6, 1965; No. 1, 1966; No. 1, 1967.

5. Buravoy, S, Ye., IZV, Vusov, Priborostroyeniye, No. 2, 1967,

b 6. Buravoy, S. Ye, G. N. Dul'mev, V., V. Kurepin, and Ye. S. Platunov,
GOSINTI, PNTO Press, No. 18-66-989/72, 1966,

7. Platunov, Ye, S, and Yu, P, Shramko, TVT, No. 1, 1967.

8. Platunov, Ye, S, and Yu, P, Shramko, Izv, Vuzov. “riborostroyeniye, Vol. 9,
No. 6, 1966,

9, Shramko, Yu. 0., S, Ye, Buravoy, and Ye. S, Platunov, GOSINTI, PNTO
Press, No, 18-67-197/19, 1967.

10, Spravochnik po Teplofiaicheskim Svoystvam Veshchestv, (Handbook on Thermo-
physical Properties of Compounds), ed. N. B. Vargaftik, Fizmatgiz Press,
Moscow, 1956, .

b 11. oOsipova, V. A. and M, I, Pak, Teploenergetika, No. 6, 1967,

12. Abeles, J. Appl. Phys., Vol. 31, No. 9, 1960,

13. Parker, Et al., Pribory dlya Nauchnykh Issledovaniy, No.l, 1962.
14« Palister, P, P,, J. Iron and Steel Ingt., Vol. 161, p. 87, 1949.

5 15. Wallace, D. C., P, H, Sidles, and G. S. Danielson, J. Appl. Phys., Vol. 31,
No. 1, 1960,

-266-

— v

k" - A e N T ey o g e e I R i A N T T WM e Y

T N Y R s -




—y

r""‘"""""—r e e """T_'*"'—v"' - - T T — T .

SUBSTANTIATION OF SEVERAL METHODS OF DETERMINING THERMOPHYSICAL
CHARACTERISTICS BASED ON ANALYSIS OF TWO-DIMENSIONAL TEMPERATURE FIELDS

G. M. Volokhov

Temperature fields induced in bodies of various forms when they are
heated or cooled in a constant temperature environment have been most fully
investigated {1-3]. Analysis of these fields served as the theoretical basis
for regular regime methods [2]. However, mcst of the known methods of
investigating thermophysical properties derived from one-dimensional solutions
of the equation of thermal conductivity with constant coefficients. Use of
these solutions as a rule involves additional, more painstaking investiga-
tions, the purpose of which is to substantiate use of idealized models or to
introduce corrections reflecting actual experimental conditions. Often these
corrections are formulated on purely empirical material, which hampers their
application in .studying such pheromena. The lack of a unified approach in
allowing for the effective actual experimental conditions on formation of
temperature fields makes impossible an objective evaluation of the investiga-

tional methods themselves, above all, from the viewpoint of their precision.

Studies in the literature dealing 71th investigation of two- and three-
dimensional temperature fields are purely either theoretical [3] or else are

used to validate particular methods of determining thermophysical character-
istics [1, 5, 6].

An attempt is made in the present study founded on analysis of
corresponding three-dimensional and one~dimensional temperature fields to
subsfantiqte use of one~dimensional solutions in realizing first-order
boundary conditions for some surfaces of the bodirs tested and the presence of
heat transfer from other surfaces.
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We also take up certain general regularities in the development of
two-dimensional temperature fields and their application in determining the
Bi criterion. The two-dimensional problem presented below reflect the most

typical cases of interaction of object with ambiert environment.

1. A cylinder of 2h in height and 2R diameter (origin of coordinates in
the center) initially is at the temperature of the ambient environment tc. At
some moment in time its bases acquire the constant temperature t'o ¥t , and
the lateral surface exchanges heat with the ambient environment according to
Newton's law. It is required to find an expression for the temperature field

of the cylinder, that is, it 1is necessary to solve the differential equation
of thermal conductivity

3
S=o(ft L2 T8)

under the following initial and boundary conditions

L(l’ 2,0) '-'-{'. =const; ter, h.t )=tomconst ;
atlr0.%) ot .it) otR2T)
d= =0, or ' _"3} 'C_ - [E(R .Z.U)-k‘]

Solution of this problem can be presented in the fomm

9'= $ -t o S‘e- Anjo(pn%)c"lfn %
s A

°-t¢ el \- ChJJﬂ K
m AnX 3(@ X B
n ° coa vm-\ e 2
REE @S xpw Elre
where Wy ™ roots of the equation
ORI ;

34UJ) Bl N (2)

: o av &R_ N ?_?4(.}‘»)
F?-—r-;{ (2m 1)ao L=l A;\‘yn[“]:(y.‘)ﬂ;‘(y,ﬂ.
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The parameter k = h/R characterizes the relationship between linear
. dimensions of the cylinder.

Detailed tables of the values An and u, ere presented in [1].

2.

and in heat exchange at the end faces

where u

-o-ZZ

A bounded cylinder with constant temperature of the lateral surface

Os= E_'ig s 2& Jo(Om —;_)d't%‘“ 2

Lty o 6,3, cam)(ChSmK*&:Eﬂ‘)’

“— An‘a o(am -ﬁ-)aﬁ'\c‘,s

et n-l s (8,.,.)( i m)

o = Toots of characteristic equation cot u = u/Bi [1],

3)

exp[ . m) F°]

6§ = roots of
m

the equation 10(6) = 0, B{f = an/A, Fo = at/R2,

It follows from solutions of (1) and (3) that

9:}(%; _f“v Bi‘o FO)

when Fo + » (steady-state)

omu( £

2
—-h— DBL)

Temperature fields calculated from solutions of (1) and (3) were compared,
respectively, with the temperature fields of an unbounded sheet (when k < 1,
the cylinder can be regarded as a disk), on the Lasis of which the identical

temperature is maintained, and an unbounded cylinder, whose lateral surface
temperature is constant [1].

Two-dimensional temperature fields in the center of the disk (k = 1/3)
and in the center of the bounded cylinder (k = 3) are shown in Figure 1.

Independently of the heat exchange intensity when the ratio of disk height to
disk diameter is 1/3, the temperature in the disk center with variation

in Fourier's criterion in the limits O < Fo < 0.6 rises as if the disk were
unbounded (curve 1). Later, the temperature

in the disk center deviates from

the corresponding one-dimensional value, and the magnitude of this deviation
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is determined by the Bi and Fo criteria. Maximum deviations (approximately
6 percent) are observed when Fo + » and the criterion Bi = » (curve 4), that
is, under the most unfavorable heat exchange conditions. At low and moderate
values of the Bi criterion, these deviations vary within the limits of

2 percent. Thus, when specimens in the form of disks or square sheets are
used, conditions of single-dimensionality are satisfied with a high degree of
precision, 1f k € 1/3, and nonsteady-state methods of investigation have
clearcut advantages, since in this case heat exchange from the lateral
surface does not at all distort the temperature field in the central areas of

the bodies indicated.

The zone of field uniformity is retained in the neighborhood r/R « 0.1
for any values of the heat exchange coefficient, expanding as one approaches .
the plane z = h., At low and moderate values of Bi, the field is practically
uniform in the region r/R < 0.4. When cyiindrical specimens are used (k » 3),
the temperature in the central areas of the cylinder satisfies the one-
dimensional solution (curve 7) with a precision of up to 0.2 percent. Even
when the ratio of height to diameter is equal to two, andl Bf = », the maximum

deviation from one-dimensionality does not exceed 2.5 percent.

Let us examine several aspects of the expansion of two-dimensional
temperature fields. It follows from solutions of (1) and (3) that in the
steady-state the relative dimensionless temperature does not equal zero.
Therefore at the regularization stage, which we take to mean the possibility
of describing the temperature field by a simple exponential, it is best to
introduce the cooling rate in the following form

o B(By-80)- n(8s-B0)_tabu-rby
T,-T, Te-T4

(%)

Similar expressions for the cooling rate are valid also when there exists

within the body internal heat sources [1]. Based on (1) and (3)

m_Q(ZzA?-. Q J":‘SZ.
i AN T )y mes Tt ,)

(5)
R®
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When k + 0 for the disk and .k + « for the cylinder, the relationships (5)
are identical to the cooling rates of unbounded sheet and unbounded cylinder.
Analysis of solutions of (1) and (3) shows that the cooling rate or heating
rate of bounded bodies when combined boundary conditions are realized is
represented by a broken line, consisting of two sections: the first of which
has a slope that is the same as if the body were unbounded, and the slope of
the second branch is determined by the heat exchange intensity. The angle
between the broken line depends both on the Bi criterion as well as on the
ratio between the linear dimensions of the specimen.

Thus, variation of the cooling rate can be a characteristic indicating
that moment of time, beginning from which heat exchange will increasingly
distort the temperature field in the range of measurements. 1In
determining thermophysical characteristics, the heat exchange factor is

practically precluded if in the experiments we use specimens with parameters
k € 1/3 for sheets and k # 3 for the cylinder.

It is altogether obvious that temperature as a functional relationship of
the Bi criterion can be used in determining the latter. For this purpose it
is necessary to provide for experimental conditions under which the previously
undesirable heat exchange would have a substantial effect on formation of the
temperature field (cf., for example, curves 5 and 6). In the regular regime
stage ln 6 - est) = f(1) or In b = £(7) in semilogarithmic coordinates equals

a straight line from whose slope the cooling rate is determined. From the

relationship (5)
/m.b‘_ 2
Q 1

He=

n (6)
Substituting (6) in (2) we find that
' mh? 2
BL= 31 ~}J1 Q -A'l
Jo(H,) i ' @)
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Experimental layouts for the determination of the coefficient of thermal
diffusivity and the Bi criterion are extremely simple: the required boundary
condition 1s provided for at the bases of the disk or the lateral surface of
the cylinder (when friable materials are tested) [7], technically more
convenient than immersing the specimen in the thermostat bath (cf., for

example, the diagram for the a-calorimeter).

Knowing the thermal flux allows us to make a comprehensive determination
of thermophysical characteristics. Theoretical evaluation of the one-
dimensionality of heat fluxes in multilayer systems involves great diffi-

culties. However, there are grounds to assume that the conclusions drawn
will be valid also for the systems.
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Figure 1. Two~dimensional temperature fields: 1, k = 0 (unbounded
sheet), and also for k < 1/3, 0 < Bi < ®; 2, k = 0, and also for
k<1/3, 0<Bi< 0.1; 3, k = 1/3, B = 1.0; 4, k = 1/3,

Bi = @ 5, k= 1/2, B{ = ©; 6, k = 1/2, Bf = ®3 7, k = «» (unbounded
cylinder), and also for k >3, and 0 < B1 < w,
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DETERMINATION OF THERMAL CONDUCTIVITY OF EXTREMELY THIN LAYERS OF
VARIOUS MATERIALS

V. S. Vol'kenshteyn and N. N. Medvedev

In the first method of two temperature-time intervals [1], the relative
temperature © at the boundary of the sheet studied and the heat receiver was
determined by the equation:

Ortftumnaleriey-anicdyslac Sy Jeflay) )
where
=-—h £ - - -
Ly -c ol d:—%—ﬁ-}-, e=_5%?—' @

This equation sllows us to compile a.table of functions e¢/y = £(e) for various
values of O. Figure 1 gives the graphs of this function for several values of
© and for € < 1. It is clear from these graphs that for large values of O

and small values of €, the ratio ¢/y does not depend on ¢, that is, the value

(e/y)max = M will be constant for a given value of ©.
The value of (e/y)max = M will differ for different 0.

Figure 2 gives the function (EIY)mak =M= £(0). From the expressions
(2), it follows that:

A=be'a =be—h_

(3)
BT R ¥

Determination of the thermal conductivity coefficient boils down to
measuring che interval of time counted from the beginning of contact of the

free surface of the material under study with the heater until some moment of

=275~
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time corresponding to a value of 0 = 1 - N/No that is convenient for measure-
ments, where N and N° = readings of the galvanometer connected to the circuit
of a differential thermocouple and corresponding to the temperatures t and

thtr‘ One of the thermocouple arms is placed between the material studied and

the heat receiver, and the other in the constant-temperature heater.

We find from the graph M = £(0) the corresponding value M = (e/y)max
Substituting this value M into formula (3), we find A. In order to obtain a
small value of the parameter ¢ -_A/bJ;; at which the condition e¢/y = const is
valid in the experiment, it is necessary to use a heat receiver with a large

value of the constant b.

Let us present an example in which we determine the coefficient of
thermal conductivity of micaceous compounded insulation on the lacquer
PE-935. The layer thickness h = 0.15 mm = 1.5:10" m. Let us take as the
heat receiver marble, whose thermal activity is b = 1750 f'secllz/mz'deg.

The period of movement of the light indicator of the galvanometer from No to
N=0.15 N° is obtained as equal to T = 27.4 sec. This division N corresponds
to the relative temperature

0= 1--;“‘-':-1-0,15-0.85-,85}.

The graph shown in Figure 2 gives for this value of O the value of M = 7.3,

consequently:

_bh 1750.1,510°° .
."'2,/"“ ‘M= 2+ 298 + %3 mdeg'o"a"mdeg

Instead of measuring the time 1 counted from the beginning of contac., we can
measure the interval of time At corresponding to the difference AN = Nl - N2'
where

——r 03 - | d l" - ‘
° 19' an N’l“‘l ea'
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The graph shown in Figure 2 gives values of Hl and Mz corresponding to

the values of 01 and 02. In this case

! { T ]
A -Tb—-—-,_ where " ’-'_ My=My .
Choice of the values 6, and 6, must satisfy the conditions:

M, : G/y. n C'Ot'lstx and M, = C/V.i '-‘i”“tn

(cf. Figure 1).

This method allows us to investigate materials with very low layer
thickness h. Thus, for example, if the heat receiver is lead (b =

= 6960 w-secllz/mz'deg) and © = 90 percent M = 11.2), when 1 = 16 sec and
A = 0.1 w/mdeg, then we will have

he2dTA . hesgn '
5M. " 690 118 " = 001 MM

Symbols
A = coefficient of thermal conductivity; a = coefficient of thermal

diffusivity; h = thickness of layer investigated; 7 = time; b = thermal

P

activity of the heat receiver; dhtr = temperature of heater; 0 = t/dhtr =~
= relative temperature.

—
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Figure 1.
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The function ¢/y = f(e) for the series of values O:

02 04 06 08 10€

1, 0.5; 2, 0.7; 3, 0.8; 4, 0.85; 5, 0.9.

Figure 2.

meCE/y )y
10
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EERY
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o b=

The function M = (E/Y)max = £(0).
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THERMOMETRIC DETERMINATION OF THERMOPHYSICAL CHARACTERISTICS

0. A. Gerashchenko, T. G. Grishchenko,
A. M. Pilipenko and V. G. Fedorov

By thermometrics we denote the section of heat physics that deals with
methods of measuring, controlling and regulating heat fluxes. It has been
markedly developed only in the last 10-15 years. Substantial results were
obtained relatively rapidly. In particular, a series of sensitive elements
4 to 106 w/m2 1]
has been developed in the Laboratory for Thermal Measurements Methods of the

embracing measurement of heat fluxes in the range from 10

Institute of Technical Heat Physics of the Academy of Sciences, Ukrainian SSR.

Providing fuller quantitative information, the results of thermometric
measurements are of interest in various fields of science. Available equip-
ment allows us to make measurements in geophysical studies of geothermal heat
fluxes, in physiological investigations of organisms as a whole and of

pérticular organs, in an extremely wide range of technical measurements, and

several other areas.

Indirect measurements are of interest per se, making it possible to
obtain from primary thermometric information secondary information of a
broader nature, in particular, determination of thermophysical characteristics
of compounds and structures as a whole or by parts. A number of applications
associated with determinations of such thermophysical characteristics as
thermal conductivity and thermal diffusivity and integral heat capacity of

structures and their parts are examined below.

The formal advantage of the thermometric approach is that in the right-
hand side of the thermal conductivity equation, the first-order operator with
respect to flux appears instead of the differential second-order operator with

respect to temperature. Advantages posed by reducing the order of the
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of the differential operator in the equation are self-evident, however the
possibilities uncovered are still finding very restricted use.

Below we set forth only a few cases in which the thermometric approach

was reduced or is being reduced to an instrumental stage making it possible to
secure direct measurements of characteristies.

Instrunent for Determining Thermal Conductivity Coefficients

The first and simplest application was an instrument developed and
already approved for determining thermal conductivity by the flat-sheet method
in conditions that are steady state with respect to time.

A key advantage of the instrument is that all the quantities needed in
determining the thermal conductivity coefficient (heat flux, thickness of

specimen and temperature difference in the specimen) are obtained by divect
measurement.

The specimen, in the form of a disk or sheet, is squeezed between a
heater and a refrigerator. The heat flux transducer lies in the center of the
refrigerator and measures local specific flux. Peripheral regions fulfill
functions of protective belts. External thermal perturbations in the disk

squeezed between sheets with high thermal conductivity are propagated to a
depth of the order of one disk thickness.

To determine the temperature difference, initially thermocouples are used
whose arms lie on the surfaces of tﬁe heater and the refrigerator. At this
point there is a substantial scatter (up to t12 percent) of the results of
measurement even for well prepared specimens. Later, the thermo-.
couples are placed on backing made of thin elastic rubber. Here, the
requirements for quality in treatment of results are reduced, and scatter of
results of measurements made on standard specimens of fused quartz and and

polymethyl methacrylate of various thicknesses does not exceed the limits
5 percent.

Radiometric calibration of the transducer together with the refrigerator
allows us to find the working coefficient of the transducer in the absolute
system. Here the values of the thermal conductivity coefficients of the

standard specimens are obtained as equal to the mean values from reliable
tabulated data [2-4].
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A substantial advantage of the instrument is the possibllity of making

measurements not only on tolid specimens, but also on liquids and gases.

Table 1 presents the results of measurements of thermal conductivity of
several new materials at temperatures 20-100°C for which no handbook data yet

exists, in comparison with standard materials.

Table 1. Results of Testing Materials for Thermal Conductivity

{ s

NEiber Material Thermal conductivity,
w/m - deg ]
1. Terephthalate film 0.10
2% Petryanov fabric 0.036 d
3. Elektronit! 0.31
4, FAED! + PEPA! 0.20
5. ' FAED + PEPA ... + vl 0.27 f
6. FAED + GMDA! 0.21 !
0 FAED + FMDA + ... PZh! 0.65
8, Glass-textolite [resin-impregnated laminated cloth] 0.32
9. Glass-lacquer-1linen 0.18 !
10, Glass~linen, bakelized 0.21
11. Polymethyl methacrylate 0.19
12, Fused quartz 0.30

Determination of Effective Heat Capacity and Thermal Conductivity of

Insulation Protection

The possihilities of local thermometry allow us to carry out the problem
of determining thermophysical characteristics of heat-insulation materials
under natural conditions. In some cases, determination of effective thermo-
physical characteristics by means of the below-described method seems to be
the only possible approach, for example, when packing protective coverings
with fibrous matefial. The density and structure of the material, and conse-
quently, {ts thermophysical characteristics, cannot be previously determined

unambiguously with adequate precision.

‘See p. 293
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To determine the effective heat capacity and thermal conductivity, a

section of the enclosure must be selected in which the heat flux is normal to

~both surfaces of the enclosure. In this operation it is carried out by means

of two heat flux transducers placed on the same normal to the wall from
opposite sides. The absence of lateral heat loss is controlled by equating
the specific heat fluxes at the inlet and outlet from the walls under condi-
tions of steady-state thermal regime. To determine heat capacity it is
necessary to measure the value of the energy accumulated or expended by a
section of the enclosure of unit area during the period of the transient
thermal regime between two steady-state regimes (one of them can be the zero
regime, equilibrium), the increment in the temperature of the section during
the transient process, and the thickness of the insulation. The effective

bulk heat capacity is calculated from the equation

. =
C ::—-ja__. 1)
» Fat

The quantity Q is determined based on readings taken during the period of

heat fluxes through both enclosure surfaces in the transient regime:

t‘ ’
Q“ ¢ (2)
=] (&,-9,)dv
Here (q1 - q2) = difference of heat fluxes at inlet and outlet from
walls. In practical terms, the integral (2) is determined by planimetry of

the area bounded by the following curves

oeb® m Gehoe

The heat capacity value found must be related to the mean temperature of
the enclosure section during the process. Usually it is sufficient to measure
the temperatures of both insulation surfaces and in equation (1) to substitute
the rise in mean section temperature. The entire device consists of two

transducers for temperature and heat fluxes placed on the enclosure surfaces.
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The thermal flux and temperature transducers must have inertia and intrinsic
heat capacity two-three orders of magnitude less than the period of the

transient process and the enclosure heat capacity.

The effective thermal conductivity coefficient is determined in the

‘steady-state regime from the value of the thermal flux q, the temperature drop

at the walls At', and the enclosure thickness 6:

N L

Thus, heat capacity at a single temperature and thermal conductivity at
one (1f one of the steady-state regimes is the equilibrium regime) or at two
temperatures are determined in a single experiment. Measurement results are
given in Figures 1-3 and in Table 2. TFigure 1 shows variation in fluxes at
inlet and outlet in a single-layer closed space made of PS-B styropore
0.07 m thick. The square pulse of the thermal flux was set by switching on a
low-inertia electric heater. Figures 2 and 3 present data on the determin-
ation of effective thermophysical characteristics of a multi-layer
enclosure ~- the door of the domestic Smolensk refrigerator (SNP copolymer
0.003 m thick, PS-B styropor, 0.026 m thick, and steel sheet 0.001 m thick).
Figure 2 corresponds to the transient regime from the equilibrium to the
steady-state regime of refrigerator operation (with the switched off temper-
ature control device); Figure 3 presents the transition to the equilibrium
state from the steady-state regime via the sudden opening of the door. The
change in sign of the derivative in Figure 2 is accounted for by the fact that
the cold productivity of the compressor unit depends on the temperature in the
refrigeration chamber and drops off as the temperature is reduced during the

period of departure from the regime.

For comparison, the effective heat capacity of the multi-layer enclosure

can be calculated from the formula

c = & Cup O .oty

e at.&
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Table 2. Comparison of Experimental and Calculated Thermophysical
Characteristics of Multi-layer Enclosures
No. °C of |Experimental data Calculated data
Enclosure enclo- Cé£§ Aegg:? kJ/ | w/m. deg
DMEE. k‘;/ I;J n/m-deg m3'deg
o ,__le m *de
Single-layer:
1. PS-B styropor,
§ = 0.07 m, 35 771 107 0.056 60~-95 0.04-
o = 45 kg/m3; 0.06
(Figure 1)
Two layer:
2 l. Copolymer SNP,
3 § =0.003 m 10 175 148 0.042 ]120-145 0.04~
2. PS-B styropor, ULk
6§ = 0.077 m
p = 35 kg/m3
Three-layer
3.| 1. ~Copolymer SNP,
§ =0,002 m
2. Glasgs wool, 40 116] 155 0.054 |[150-180 0.046-
§ = 0,054 m 0.060
3. Steel sheet
§ = 0,001 m
4, | Door of Smolensk refrig-
erator
1. Copolymer SNP,
§ =0,003 m
2. Styropor PS-B, 12 182 356 0.042 }290-350 0.04~
6§ =0.026 m 0.05
p = 35 kg/m3
3. Steel sheet
6§ = 0,001 m
(Figures 2 and 3)
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It is interesting to note that for the arrangement of enclosure of

components nonsymmetrical in the sense of sequence, the effective heat
capacity depends substantially on what side heat action on insulation comes
into play. In particular, for the refrigerator door heat capacity when there
is heat action from the outside (change in room temperature) can prove to be

50 percent greater than for heat action from within (change in operating

conditions of refrigerator unit).

Determination of Thermal Diffusivity and Thermal Conductivity of Rocks

Séveral methods of determining thermophysical properties have been based
on consideration of problems of nonsteady-state thermal conductivity. Some of
them [5] make it possible to carry out determination of thermophysical char-
acteristics of rocks, construction materials and other materials in situ

without resorting to removal of material and preparation of specimens.

Here the thermometric approach also provides some rethodological
convenlences.

The physical arrangement of the problem is carried out as follows. A
certain bounded body exhibiting high thermal conductivity and thermal diffus-
ivity with initial temperature u, is brought in contact through a thermometric
transducer with the rock mass being tested. The temperature t(r, Tt} of the
mass at the initial moment i1s presumed to be identical and naturally differs
from the temperature of the test body. After contact, equalizing of
temperatures takes place at an intensity that depends on thermophysical
characteristics of the mass under testing. If we neglect heat exchange at the
free uncontacting surfaces of the bodies, the differential equation of thermal

conductivity for the case under consideration will be of the following form:

Bt _ 0.[9':__*.(1@ 2. 3kuT) ]
T gt V. 0w

at the boundary conditions

+(R,T) =U(T)

A QHRT) _ . dutx)

: o~ . dv
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The solution for the case under consideration 1s as follows:

e B '.exp(aao;u)-ewfgcﬁ.@i)f"

“Q, B-e
-E&*:. exp(diae) e (G ), - BED. .30 &

= \"/%"Jc +'. & (dR-1)exp(dat )erfe (VAT ) -

_QCP R-1)expl 'Bzo'u). e'z.-gc( ﬁ\fa_'e- )

is difficult to subject to analysis. To simplify the analysis, it is

convenient to use the asymptotic expansion in powers of dimensionless times:

£(Rb)=1’a &'o +02$o+o \Toi-r
3)
_StRY R L 4 T
a(’l,'b U =% +5.J'-O +523‘-0 *275‘}'0*6-136(4)

These are rapidly converging series for small times and for the ranges
of thermophysical characteristics under consideration (for example,
for rocks). The dimensionless coefficients a and bi include the area of
surface contact, the integral heat capacity of the test body and the thermo-

physical characteristics of the mass being tested. The funcfions

5-=9(0)

shown in Figure 4 were plotted for rocks.

The solution (3) derived, as in most cases, tends toward the regular
regime. As a consequence, beginning with the value Fo = 1, the ratio of
temperatures t(R, Tl)/t(R, 12) for a constant Fourier interval remains

remains practically constant. Thus, if the temperature ratio is chosen
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(according to the graph in Figure 4) in such a way that AFo = 1, the thermal
diffusivity can be determined from the relationship
Rz )

Q;-,—'_———-—-ﬁ"

'U,_- 'c\..

Unfortunately, the solution with respect to thermal f£lux (4) does not
approach a regularity; however, the possibility of directly measuring thermal
fluxes allow us to use the graph of the function (4) in determining thermal

conductivity, which can be calculated from well known values of dimeusionless

times using the formula:

g &) -9 R
[af,(m:) R aL(m:)_ R ] 'uo
ot UOJ ! .Uo '

It i3 cesirable to make two separate measurements of the flux in order to

avoid errors that can crop up owing to imprecision in fixing the onset of the

process.
“nis method is proposed for practical application using an instrument in

which the role of the test body will be played, for example, by a copper bar

whica can be kept in an ice-filled flask until it is brought into contact

with the mass. A semispherical recess must be readied in the mass under

Signals from the quantities being measured (temperature and thermal

testing.
The length of

flux) are suggested to be fed to self-recording instruments.

the experiment is not more than 15 min.

The applications considered do not exhaust the potentialities of thermo-
. metric methods. The authors are cenvinced in the significance of their 4
advantages and are in hopes of their extensive development in the most varied ¢

realms of measurement practice, in particular, for determining thermophysical

characteristics.

e -

. gt

-288-

TERE - S R )

s




Symbols

a = thermal diffusivity, mZ/sec; ¢ = integral heat capacity, joules/deg;’
c'eff = effective bulk heat capacity, jomlees/m3-deg; ¢ = mass heat capagity,
joules/kgedeg; F = surface of contact, m"; Q = thermal energy, joules/m“;
q = thermal flux, w/mz; R = radius of contact surface, m; r = radial spherical
coordinate, m; t{(r, 1) = temperature of mass, deg; u(r) = temperature of test
body, deg; u, = initial temperature of test body, deg; 6 = thickness, m;
At = rise in temperature in the enclosure section, deg; At' = temperature drop
at 'walls, deg; A = thermal conductivity, w/medeg; p = density, kg/ma;
T = time, sec; Fo = dimensionless time (Fourier coefficient).
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Figure 1. External appearance of instrument for determining
thermal conductivity

] w/m'
1 q Q‘. T)

A e

10

J

> 1 ! ‘
’JJ' \Qra"m. g 1

e,

| )

0 2 ‘Q 6 T;‘hr’

Figure 2. Transient process in the single~-layer styropor enclosure,
q Q=77 kilojoules/m2 i
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Figure 3. Transient process in the door of the Smolensk refrig-
erator upon plugging into electrical outlet, Q = 186.3 kilojoules/m2 )
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Figure 4. Transient process in door of Smolensk refrigerator
when the door is opened suddenly
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Figure 5. Graphs of t(R, r)/uo (1) and -MBR;—T—)E—- (2) as

o
functions of Fo
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USE OF THERMAL FLUX TRANSDUCERS

0. A. Gerashchenko, V. G. Karpenko and Yu. M. Chimisov

In solving a multitude of problems both in propagation of heat within a

solid, as well as problems on heat transfer on the surfaces of solids, we must

know the amount of heat transmitted, that is, the value of the thermal flux.

Determinatior of thermal fluxes in solids by analytical methods is
possible only in particular cases, usually for solids of the most simple
configuration (sheet, cylinder, sphere) when we know the thermophysical
properties and the boundary conditions [?]. As far as local heat transfer
coefficients are concerned, their 