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Introduction. The analytical researches of methods
and devices of determination of thermophysical properties
of complicated structure and chemical composition of
products of processing industry are carried out in order to
increase the accuracy of measurements.

Materials and methods. The basis of the studied
devices is thermoelectric converters of temperature and
heat flow in the form of "auxiliary wall". To improve the
accuracy of the measurements of the thermophysical
characteristics of materials, the graph-analytical method of
calibration of the devices was used.

Results and discussion. To study the thermophysical
characteristics of thermolabial materials, the most suitable
thermometric means of their complex definition, which
allow to conduct research in the presence or absence of
material phase transformations of its constituents. The
calorimetric measuring instruments are based on the
measurement of the temperature of the heat fluxes that
penetrate the sample under different thermal conditions.

Thermal, electric and other transmission processes in
thermometric materials determine the instability of the
transformation function and form an instrumental error. On
the basis of the calculation and graphic analysis of the
thermal and capacitive resistance of the "device-sampler"
system, a fundamentally new method has been developed,
according to which the thermophysical characteristics of
the material and the metrological characteristics of the
device are determined in a complex and simultaneously
based on the results of the experiment with samples of only
the test material.

Conclusion. Simultaneous obtaining information on
the values of the thermophysical characteristics of the
material and the metrological characteristics of the device
can improve the accuracy of the determination of the
thermophysical characteristics of products.
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Introduction

The intensity of heat exchange processes occurring in substances (materials), is
quantified by changing their thermophysical characteristics (hereinafter TPC), in particular
the thermal conductivity A,, mass ¢, and volumetric (cp)«x heat capacity, temperature

diffusivity a. = A _/(cp), and thermal activity B =./4, -(cp), . These TPC refer to one of

the defining parameters of materials in their manufacturing, storage, application and
operation in various industries. Therefore, when calculating both natural thermal processes
and processes of heat treatment of materials [1, 2], it is necessary to take into account the
TPC of those materials, using their known values given in reference literature, for example
[3-6].

The accuracy of determination of TPC of materials depends on many factors, ranging
from the perfection of methods and devices for determining TPC, primary and secondary
means of measurement, and ending with equipment that provides the creation and
maintenance of the desired thermal mode in the sample of the research material [7]. In many
cases, special methods and devices [7—16] are used to determine the TPC of materials, which
can be divided into three groups: determination of thermal conductivity; mass or volumetric
heat capacity; and complex determination of TPC of materials — this is when Ay, ¢x or (cp)x,
as well as a, and S, of the material sample, and if necessary, the dependence of these
characteristics on temperature are determined simultaneously during one experiment.

We should note that regardless of which of the selected groups includes the selected
method and device for measuring the TPC of material, in the process of research it is
necessary to take measures to determine the metrological characteristics (hereinafter-MC) of
the device, in particular the sensitivity of the primary converters, the resistances of the heat
transfer device to the sample of the research material, as well as the amount of heat required
to change the temperature of the device, and others.

At the same time, one of the main MC of the device that determines the accuracy of the
experimental determination of TPC of materials is ballast thermal Rs, and capacitive P,
resistances. Their value depends on the corresponding resistances of the electrical insulation
of the temperature converters (hereinafter TC) and the heat flow converters (hereinafter HFC)
of the TPC of device, the resistance of the contact of the sample with the elements of the
device, the degree of uniformity of the temperature distribution and the heat flow density on
the working surfaces of the device and the sample of the research material, etc. In the general
case, to determine these ballast resistances, a series of special experiments with calibration
of the device is carried out.

To determine the thermolabile materials TPC, in particular food products, in the
temperature range, where phase transformations occur in the sample of the research material,
it is advisable to use devices for complex determination of TFC of materials, which allow
implementing a combination of stationary and transient modes. In the temperature range at
which phase transformations do not occur in the sample of the test product, it is convenient
to carry out the determination of TPC of the material in the regular mode of the second kind
(quasi-stationary thermal mode) [7].

Given that the errors in determining MC of device to a large extent generally determine
the reliability of the measurement results of the TPC of material, the aim of the study is to
develop a method for the integrated determination of the MC of device and TPC of
thermolabile materials — raw materials, intermediate and finished industrial products, in
particular, in the processing industry.
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Materials and methods

One of the most common devices for determining the thermal conductivity of flat
samples of materials in Ukraine [11, 13] consists (Figure 1) from a down-flow condenser /
and an electric heater 2 on the working surfaces of which flat primary heat flow converters 3
and temperature converters 4 are located and between which a sample of the research material
5 is placed.

The thermal conductivity of the sample of
the research material is calculated from the
measurement results in the stationary thermal
mode of the temperature difference A¢ on the
surfaces of a flat sample with thickness / and the
& /’7/},;&&\;\\\; heat flow density ¢, which passes through the
sample, by the formula:

O KL

h
Ay =, (1
At/q—R,
where R, is an additional (ballast) thermal
Figure 1. Device for determining the resistance, the value of which is determined
thermal conductivity of materials during the calibration of the device.

Similar in structure devices for determining the thermal conductivity of materials are
widely used in Germany [14], the United States [15] and other countries.

When determining the heat capacity of materials, so-called conductive
microcalorimeters are often used [16]. In these devices, to measure the amount of heat Q,,
supplied or withdrawn from the device and the sample of the research material with mass m,
(volume V), which causes a change in the average temperature of the sample by the value

ot, the batteries of their thermocouple elements are used. The measuring cell of such
devices, where the sample of the research material is located, have the form of a cylindrical
thermometric shell or a flat thermoelectric HFC. According to the measurement results, the
mass cx and volumetric (cp)x heat capacity of the material are calculated according to the
formulas:

Q _Qb
—=m =b 2
CX m_ -5t @
0,-0,
—=m  =b 3
(CP)X Vx'5f (3)

where Oy - the amount of heat consumed to change the temperature of the device by ot. Its
value is determined by the calibration of the TPC device.

To date, to determine the heat capacity the methods of heat analysis during linear and
step-by-step scanning of the heat capacity by the temperature of the material sample have
become widespread [17-21].

Methods for determining the TPC of materials are reflected in the standards of Ukraine,
that are fully consistent with the standards of Germany, USA and Japan [22-25].

The devices for complex determination of TPC by the basic structure, in fact, do not
differ from the device shown in Figure 1. At the same time, it should be noted that the heat
block of these devices can form various heat exchangers [7, 12]. Except for the electric heater
and the flow heat exchanger shown in Figure 1, the heat block can be formed from two liquid
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flow heat exchangers; a combination of flow heat exchanger and electric heater; a flow heat
exchanger or an electric heater and a device that has a "developed" surface for convective
heat withdrawal from the sample of the research material, etc. The application of one or
another pair of heat exchangers in a TPC device for complex determination of TPC is mainly
determined by the type of thermal modes and the temperature range of the study of TPC of
materials [7].

Under such conditions, for the
complex determination of TPC, in particular
food products, it is advisable to use a device
with a combined heat block (Figure 2). Such
a unit consists of two flow heat exchangers
1 and two thin, electric heaters 2 with evenly
distributed density of the heat release over
the surface, which are located between the
heat exchangers and the plate of the
measuring cell of the device with the HFC 3
and TC 4 mounted therein. Both flow heat
exchangers are supplied with a heat-transfer
material of the same temperature that varies

Figure 2. Device for determination of TPC of  linearly over time. In this case, electric
materials with combined heat block heaters are used to create a time-stable
difference in the density of the heat flow on

the surfaces of the test product 5.

The thermal conductivity Ax and the volumetric heat capacity (cp)x of the test sample of
the product are calculated from the equations obtained as a result of solving the task of
unsteady thermal conductivity with bilateral heating of the plate in the regular mode of the
second kind [7]. Here, in contrast to the stationary thermal mode, where the temperature of
the sample of the research material does not change, when it is heated (cooled) in the quasi—
stationary thermal mode of the flat sample of the research material, the heat flow density on
the "working" surfaces of the sample although does not change in time (qi(v)=const,
q2(t)=const, q1(1)—q>(tr)=Ag=const), but differ in value, that is gi#g>. At that the temperature
on the "working" surfaces of the sample changes linearly: #,(7)—t2(7) =At=const#0.

Taking into account the ballast thermal R, and capacitive P, resistances of TPC device,
the TPC of research material is calculated by the formulas:

A= L S — ()
2-(t,-t,)/(q,+q,)-R, (At/q)-R,

(9, -q,)/ (BT /AT)-F, _(Aq/u,)-F,
h h ’

4= =h-(§—RbJ -(ﬂ——lz], ©
- (ep), u,

T _ [(Aq/u,)-F,
B, =4, (cp), —4/—(&/(7)_& (7)
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where u, = 5t/ At =0, 5-[(t, +t,), —(t, +1,) 1/ (r, —7,) — the rate of change of the average

temperature 5t of the sample of research material in the time interval Az=t,—ty) when heating
(cooling) of the sample in the quasi-static thermal mode from the average temperature

t, = (4, +1,), /2, at the moment of time 7y, to the average temperature ;T‘ =t +1,), /2.

Results and discussion

From the results of the analysis of formulas (1)—(7) it follows that each of the considered
methods of experimental determination of thermal conductivity, volumetric or mass heat
capacity, as well as the complex determination of TPC of materials, in fact, is reduced to
obtaining an equation or a system of equations of the following form:

Rm = Rx + Rb 9(8)

F,=P+F, ©

where Rv=h/\, and P=h-(cp)x — respectively, the thermal and volumetric resistances of the

sample of the research material; R, and Pj — respectively, the ballast thermal and ballast

capacitive resistances of the device R,, and Py, — respectively, the thermal and volumetric

resistances of the "device-sample" system, measured during the experiment on the study of
the TPC of the material.

The value of thermal and volumetric resistances of the system "device-sample" (R, Pm)
is calculated by measuring the values obtained in the course of the experiment on the study
of the TPC of the material.

The accuracy of the calculation results of R,, and Py depends on the perfection of the
system of maintaining the desired thermal mode in the device (material sample), the device
itself, the primary and secondary measuring equipment, as well as the accuracy of
determining the operating coefficients K, and K; (inverse sensitivity) of the primary TC and
HFC of the device. Therefore, it is natural that the accuracy of the results of the calculations
of the value of these resistances directly determines the reliability of the results of
determining the TFC of the material.

As it follows from the results of the analysis of the structure of devices, as well as
equations (1)—(7) for calculation of TPC of materials, thermal and volumetric resistances of
the "device-sample" system are calculated based on the measurement of temperature (71, ¢,)
and heat flow density (g1, g2) on the "working" surfaces of a flat sample of the research
material. But in practice, this is somewhat different, since the temperature and heat flow
density on the surfaces of the material sample also have to be calculated. Thus, when
thermoelectric TC and HFC are used to determine the temperature and density of the heat
flow in the TPC device, which generate EMF, respectively, e, ep and e41, e41, the calculation
equation R, and R,, when heating (cooling) the sample in the quasi-stationary thermal mode
have the following form:

Rm = At = tl _tz = Kf .(efl _eez) , (10)
2q/2 (q,+9,)/2 K,-(e,+e,)/2
P :ﬂ: 49 _ K, (e, —¢,)
! u, [(tl +t2) |rl _(tl +t2) |ru]/[2'(7i _To)] Kz[(eu +€,2) |r, _(ezl +e:2) |ru ]/[2'(71' _To)]
(11)
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The operating coefficients K, and K, respectively, TC and TPC or their inverse values
— sensitivity, which are used to calculate the temperature ¢ and the heat flow density g on the
surfaces of the sample of the research material (differences Ar=ti—t, Ag=q1—q2, and the

average of the values ;=(t1 +1,)/2=2t/2, q=(q,+q,)/2=2q/2) also refer to the MC

of the device.

The accuracy of their determination in a series of special experiments with calibration
of the device, as well as ballast resistances, significantly affects the reliability of the results
of the experimental determination of TPC of materials.

Currently, among the existing methods for determining the MC of TPC devices one of
the most common techniques of which is associated with the use of working calibration
standards [7-12].

In our opinion, this is due to the fact that the method of determining the MC of device
using working calibration standards does not differ from the method of determining the TPC
of materials. For example, according to the results of two experiments (further indicated as,
respectively, 1 and 2) with samples of standard (s) material, which has thermal conductivity
As and volumetric heat capacity (cp)s, at a thickness of samples A1#h,, that is, with samples
that differ in thermal R #R,» and volumetric P#Py resistances, we obtain systems
composed of equations of the form (7) and (8), respectively :

At K
[__] :7‘7-;1l +K,-R,=K, R, +K, R,
1

e S
! . (12)
[ﬁ] :Tq-h2+Kq-R,,:Kq-RSZ+Kq-Rb
€q 2 s
Ae, :(cp)shlJri:lilJri
u ) K, K K K
q q q , (13)
Ae, :(cp)sh+i:1’sz+i
u K * K K K
t 2 q q q q

As aresult of solution of each of these systems of equations with respect to K; we have:

e e el (14)
hl_hz Rsl_Rs2

K :(C,U) . hl_hz — Psl_Ps2 ) (15)
T (e (A [Ae) (A
u, ), u, ), u, ), u, ),

In this case, the formulas for calculating of ballast thermal and volumetric resistances
of the TPC device have the following form:
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R, = ﬁ ’K;l—Rxl: ﬁ -K;'—sz, (16)
e ), e ),
Ae Ae
szKq- 4 —Rlqu- Ll -P,. 17)
u u

t 1 t 2

From the results of the analysis of the systems of equations (12) and (13) it follows that
in the case of experiments with samples of the research material, which differ in thickness
hi#h;, that is, the thermal R, %R, and volumetric P, #P,, resistances, there is no need to
determine the ballast resistances of the device. A similar effect will also appear in the case
of a two-cell TPC device (Figure 3), in which two pairs of HFC 3 and two pairs of TC 4 are
mounted, respectively, to measure the temperature and the heat flow density on the surfaces
of samples 5, 6 of the research material with a thickness of /1#h..

Figure 3. Two-cell device for complex determination of TPC of materials

Since the flow heat exchangers 2 are supplied with heat-transfer material with the same
temperature £, which is lower than the temperature ¢, of the electric heater /, and then in the
stationary thermal mode, both samples have the same average temperaturet = (¢, +1,)/2,

which includes the results of the calculation of the thermal conductivity of the material
according to the formula:

_ 51'52 '(}ﬂ_hz)

(tl _tz)'(ql _52)
where ¢, and ¢, - respectively, are the density of the heat flow that passes through the

(18)

sample with thickness 4 and A».

To determine the volumetric heat capacity of the material, the quantities of heat Q; and
(0, are measured, which are accumulated (given) by the samples in the transition mode from
one stationary mode to another due to an increase (decrease) in their average temperature by

the value &¢ and are calculated by the formula:
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Q1 — Qz

(hxl_hxz)'57 ' (19)

(cp), =

In this case, the operating coefficients of primary HFC and TC, K, and K; of two-cells
device, as well as TPC devices of all other modifications , can be determined using special
calibration stands of these converters [7—12]. We should note that in the case of the use of
special calibration stands, the determination of the operating coefficients of the primary
converters of the TPC device occur in conditions that are significantly different from those
in which these converters operate during determination of the TPC of materials. Therefore,
in some cases, the use of working calibration standards for this purpose may be more
appropriate than the use of calibration stands.

At the same time, we note that the existing methods for determining the MC of TPC of
device, in particular, using working calibration standards, have certain drawbacks, which
include the following:

1. First and foremost it is necessary to take into account that the TPC of any materials,
including those that are used as working calibration standards, are determined with certain
errors that affect the accuracy of the determination of the TPC of new materials.

2. Contact thermal and volumetric resistances of samples of working calibration standards
and prototypes of materials with the working surfaces of the TPC device may differ in
value. This is especially true, on the one hand, for the contact resistances of such working
calibration standards as, for example, glycerin or quartz glass, and on the other hand -
prototypes of bulk materials. Since these contact resistances are a component of the
ballast resistances of the device, depending on the type of standard material and the
research material, it is likely to obtain different values of the ballast thermal and ballast
volumetric resistances of the device, and, ultimately, false data on the TPC of the research
material.

3. From the results of the analysis of known methods for determining the MC of devices
and, in particular, devices for complex determination of TPC of materials, as well as the
results of their implementation in practice, it follows that the values of the MC of device
are related to each other and in the case of determining one of them with a certain error,
the accuracy of determining of other characteristics can be extremely unsatisfactory. To
this we add that the change in the value of one of the characteristics of the device in the
process of studying the TPC of material can cause a change in the values of its other MC
of device, which ultimately leads to the receipt of inaccurate information in relation to
the TPC of research material. At the same time, despite the existing shortcomings, the
method of determining the MC of devices for complex determination of TPC of materials
with the use of working calibration standards in practice is quite common.

On the basis of the above it follows that in order to improve the accuracy of the complex
determination of TPC of materials, the MC of the device should be determined by the results
of experiments with the research material, and not with the standard material. At the same
time, we note that in the case of using the research material as a working calibration standard,
the data on the values of the MC of TPC device may in fact become unnecessary.

Graphically, the results of the determination of MC of the device for complex
determination of TPC of materials for tests in two samples of standard material of known
thermal conductivity A; and the volumetric heat capacity (cp)s, which differ in the thickness
hi#ho, therefore, thermal R;1#R» and volumetric Py1#Ps; resistances shown in Figure 4 a-f.
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Straight lines (At / Eq) from Ryand (At/ ;q) from the thickness of the sample of the

working calibration standard /, cross the ordinate axis of their graphs (Figure 4 a and b) at
point A at and have angles of inclination to the abscissa axis, respectively, ¢ = arciq(K,)

and y =arctq(K, / ;). These lines cross the abscissa axis at | —R, |= R, , that is, at the point

where the thermal resistance of the sample of the working calibration standard is equal to the
ballast thermal resistance of the TPC device and at |-, |= A -R, , where |-h; | is the

thickness of the sample of the working calibration standard at which the thermal resistance
of the sample is equal to the ballast thermal resistance of the device | -4, | /A, =|-R |= R, .

The lines (Ae, /u,) from Psand (Ae, /u,) from hj cross the ordinate axis of their graphs
(Figure 4 d and e) at point B at (Ae, /u,) = P,/ K, and have an angle of inclination to the
abscissa axis, respectively, y = arctq(K,) and 6 =arctq(1/ K ). These lines cross the axis

of abscissa at | —P_|= P, respectively, that is, at the point where the capacitive resistance of

the sample working calibration standard is equal to the ballast capacitive resistance of the

TPC device and at |-h,, |=P,/(cp),, where |-h,, | is the thickness of the sample

working calibration standard at which the capacitive resistance of the sample is equal to the
ballast capacitive resistance of the device |4, |(cp), =[-P, |= P,.

Such graphs can be built on the results of experiments with any material. At the same
time, since the value of the operating coefficient of the HFC of the device does not depend

on the TPC of the research material, the ordinates of crossing of the lines (At / ;q) =f(R)
and (Ae, /u,)= f(P,) with the axes of the corresponding graphs remain unchanged. The

coordinates of the intersection of the lines (Az/ ;q) = f(h) and (Ae, /u,)= f(h) with the

axis of the ordinates of the graphs also remain unchanged when increasing or decreasing the
values A, and (cp), of the material. At the same time, when the TPC of the material changes,
due to the change in the coordinates of the concurrence of these lines with the abscissa axis,
the angles of the lines to the abscissa axis of the graphs change. Therefore, for this kind of
dependency p = f(4,), 7 = f(cp),-

We should note that since the ballast resistances of the device are not a function of the
TPC of the material, Ry#f(1)x and Pr#f(cp)x, then with the change of the TPC of the abscissa

material |—h, [and|-A, |, they change so that the numerical values of the ratio

| —h, | /2, = R,and the product | -/

It follows from the above that for 4,=1, the angle y of the slope of the straight line

e | (¢p), = B, remain unchanged.

(At/ ;q) = f(h) to the axis of the abscissa (Figure 4b) is equal to the angle ¢ of the slope of
the straight line (Af/ ;q) = f(R,) to R, axis (Figure 4a). In this case, the lines (Az/ ;q) from
h and (At/éq) from R, cross the abscissa axis of their graphs at |—hl| =1 -R =1"R, =R,

and |—h; | /A=|-h, | /(4. -1) =R, . Here | —h} | is the corrected thickness of the ballast layer
of thermal resistance at the thermal conductivity of the layer 1,=1.
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Ar/e, Ae/u,

(Aeju), ¢

(Aeju),}....
B

Rb: I -Rxl 0 RS1 Rﬁz Rx Pb= | _le O Ps1 PSZ P
a d

Af/Eq Ae/u,

(At/é),

(At/ &), (Ae/u),
? (Ae/u),
A
'hi 0 hl hz h -h(i'ﬂf 0 hl h: h
b e

Rb=| -Rxl 0 Rs1 Rﬂ R' Pb= I 'le 0 Ps1 Ps! P
c f

Figure 4. Results of determination of MC of the device of complex determination of TPC of
materials during experiments with two samples of standard material
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Similar, at (cp)~=1, takes place with dependencies (Ae, /u,)=f(h) and
(Ae, /u,)= f(P,) whichare shown in Figure 4 e and d. The angle 6 of inclination of the line
(Ae, /u,)= f(h) to the axis h will be equal to the angle y of inclination of the line
(Ae, /u,)= f(P,) to the axis Py, while the lines cross the abscissa axis of their graphs at
|—h(cp) =F,/(cp), =F /1=F and |-k, |(cp)=[-h,, |(cp),]/1= P, where |-k,
is the corrected thickness of the capacitive ballast resistance layer at the volumetric heat
capacity of the layer (cp),=1.

Thus, at A,.=(cp)=1 the graph (Az/ ;q) of h is transformered to the view (At¢/ ;q) from
Ry, and (Ae, /u,) of h, respectively, to a graph (Ae, /u,) of Py. At that the sum of the angles

of inclination of the lines (At/ ;q) = f(h) and (Ae, /u,)= f(h) to the abscissa axis of the

corresponding graphs is 7/2, that is, for both lines (At/ ;q) = f(R,) and(Ae, /u,) = f(P,).

Subsequent to the results of determining the MC of device the dependencies R, of R
and P, of Py can be built (Figure 4 ¢ and f). Based on the analysis of equations (8) and (9) it
follows that at 4 =(cp)=1 these lines intersect the ordinate axis (R,=0) and the abscissa

axis (R,=0) of their graphs at points with coordinates, respectively:

R,=At/(e,-K,)=(K,R)/K,=R, and P, =(Ae,-K,)/u,=(PB,/K,)- K, =P,

| =R, [=l=h; |/A=|=h, | (4, -1) =R, and
| =P, H =k | (cp) =[I b, | -(cp), 1/ 1= P, .

At that the angle of inclination of the lines R, = f(R ) and P, = f(P,) to the abscissa

axis of the corresponding graph is /4.

It follows from the above that the data on thermal conductivity As and the volumetric
heat capacity (cp)s of the working calibration standards are used to determine the MC of the
TPC device. Thus, according to equations (12)—(17) to determine R, of the device 4; is used,
to determine Py — (cp)s, and to determine the operating coefficient of HFC of device 4 or
(cp)s of working calibration standard is used.

At that the results of the analysis of expressions (12)-(17) show that:

- the system of equations (12) and equations (14) and (16) correspond to the device for
determining thermal conductivity of materials;

- the system of equations (13) and equations (15) and (17) correspond to the device for
determining the volumetric heat capacity of materials;

- systems of equations (12), (13) and equations (14)—(17) correspond to the device for
complex determination of TPC of materials.

At the same time, we note that the method of determining the ballast resistances of the
device for complex determination of TPC of materials is a combination of unrelated methods
for determining the ballast resistance of the device for determining the thermal conductivity
and the device for determining the volumetric heat capacity of materials.

We consider that the method of determination of MC of the device for complex
determination of TPC of materials except As and (cp)s first of all shall provide the usage of
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thermal conductivity a, =1 /(cp), and thermal activity S, =./4 -(cp), of working

calibration standards.
Based on the above, for a combination of the six dependencies shown in Figure 4 a-f; it
is necessary to build their combined graphs.

To build a combined graph of dependencies and (A¢/ ;q) and (Ae, /u,) on h (Figure

5), obtained from two experiments with samples of material with thickness /4;#h, from
systems of equations similar to (12), (13) we obtain the coordinates of the intersection of

lines (At/ ;q) = f(h) and (Ae, /u,) = f(h) with the axes of abscissa and ordinates, as well
as the angles of inclination of these lines to the axis of abscissa of their graphs, respectively:

Ave,

Figure 5. To the construction of a combined dependencies graph
(At/eq)= f(h) and (Ae, /u,)= f(h)
hil=AxRs, (At/eg)=K, R, =A, y=arctg(K/i)

and
I=hep)[=Pxl(cp)x, (Ae, /u,)=F, /K, =B, 0=arcig|(cp)-/K].

On the abscissa axis in the selected scale M), we apply a linear scale 4. To match the
scales and values on the abscissa axis M) and the axes of the ordinates (At /e;) — Mg and

(Ae, / Au,)— Mpy from the point —A; of the intersection of the line (Az/ ;q) = f(h) with the

abscissa axis, through the third quadrant of the graph, at an angle y=arctg(K,/Ax) and from
the point —/), the intersection of the line (Ae, /u,) = f(h) with the abscissa axis through

the second quadrant of the graph at an angle 6=arctg[(cp)./K,] to the abscissa axis, and draw
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the corresponding lines. In this case, the straight line (A¢/ Eq) = f(h) will cross the ordinate
axis at point A, which is located on the "conditionally" negative part of the ordinate axis at a
distance of Loa from the origin of coordinates at (A¢/ ;q) =K, R,, and the straight line
(Ae, /u,)= f(h) —at point B, which is in the positive part of the ordinate axis at a distance
of Lop from the origin of the combined chart at (Ae, /u,)=F, /K.

By the values of 4, Ry, Py, the abscissa axis of the graph should be common for two
pairs of lines — a pair of lines (Az/ ;q) from & and (Ae, /u,) from h and a pair of lines

(At/;q) from R and (Ae, /u,) from Px. The lines (At/;q) = f(h) and (Ae, /u,) = f(h)

have an angle of inclination to the abscissa axis of the combined graph y and 0 and cross this
axis at points, respectively, |-//=A« Ry and |~A,)|=Px/(cp)x.

In contrast to the previous pair, the lines (A#/ ;q) = f(R,) and (Ae, /u,) = f(P,) must
have an angle of inclination to the abscissa axis of the combined graph ¢ = arctq(K,) and
y=arctq(1/K,) and cross the abscissa axis at points which coordinates are numerically
equal:

\—:; I \—hﬂlm k.

b

| _h(’fp) | .(cp)b = [| _h(cp) | (Cp)x]l = Pb s

where | —h; | — effective thickness of ballast layer, which at thermal conductivity of material

of this layer A,=1 is numerically equal to ballast thermal resistance of TFH device; | ~//, )

— effective thickness of the ballast layer, which, when the volume heat of the material of this
layer (cp)s=1, is numerically equal to the ballast capacitive resistance of the TFH device.

Therefore, on the abscissa axis of the combined graph, the values are intercepted, which
although have the dimensionality [m], [K-m? /W], [J/m?-K], but numerically are equal to the
thickness of the material sample. Thus, when intercepted to the abscissa axis of the graph of
a uniform scale % (also R,, also Py), at each point of the scale, the thermal and capacitive
resistances of the sample of the research material should be numerically equal to each other,
R=P,, thatis h/ A, =h-(cp),, where A -(cp), =p" =1.

Under these circumstances, for As=(cp)r=1, the coordinate of point A,
(Ae, /eq), =K, - R,, and the ordinate of point B (A7-Ae, /Ae), =P,/ K,, the combined

e

graph (lengths of segments Loa and Log) can be given as follows:

h - -
ﬁ =K, - Rh:]{g.' hll:Ke-M:KA—th
e ), A, A 1

Ae, K, K K K

e e e e

[AT’Aeq] _ th (cp), _ | _h(L‘p) |-(cp), _ [l _h(pp) |(cp),]-1 _ | _h(’cp) |
B
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As it follows from the results of the dependencies analysis shown in Figure 4 a—f, at
Ax=(cp)x=1 each of the two pairs of lines, (At /;q) = f(h) and (At /;q) = f(R,), and also
(Ae, /u,)= f(h) and (Ae, /u,) = f(P,) inthe combined graph should be represented by the
corresponding line. In turn, these lines will intersect at an angle n/2. Thus, since the lines
(At/e;)=f(R,) and (Ae, /u,)= f(P,),as well as (At/e,) = f(h) g (e, /1) =S (h)

, passing through the points A and B at A,=(cp),=1, i.e. at a,=1 and B,=1, on the combined
graph should intersect at an angle n/2, we draw a circle through the points A and B with a
diameter:

D=Ly, + Ly =(At/ey)y, +(Ae, /1)y , (20)

the center of O" of which is on the ordinate axis and generally does not coincide with
the origin of the graph.

This circle crosses the abscissa axis of the graph at point C, the abscissa of which is the
length of the segment 0-C, can be calculated as geometric mean of lengths of the segments
0-4 and 0-B, which form the diameter of the circle. However, given the consistency of the
scale of values that are intercepted on the axes of the graph, the abscissa of point C can be
calculated as follows:

Lox Loy = /(A1 €,)0r - (Ae /1)y =J(K,-R)-(B/K)=\R,-F, . (21)

For the convenience of presentation of the material here and further the index "C" will
highlight the values that refer to the point C on the combined graph.

At Figure 5 the lines (At/ ;q) = f(h) and (Ae, /u,)= f(h) intersect the circle in
points, respectively, E and D. With the increase of A, the point |-/;/=AR; of intersection of
aline (At/eq)= f(h) with the abscissa axis of the graph moves toward point C and further

in the negative section of the scale. At that the point E moves in a circle against the clock.
With decreasing of (cp)x the point |-/, |=Px/(cp)x of intersection of the line
(Ae, /u,)= f(h) with the abscissa axis of the graph moves towards the point C and further

into the negative section of the scale, and the point D in a circle moves clockwise, that is, to
meet the point E.
The position of the points E and D on the circle coincide with the point C, when

Fhel=HhelF-hee)-

At that the sum of the angles yc+0c of the inclination of lines (Az/ ;q) = f(h) and
(Ae, /u,)= f(h) to the abscissa axis of the graph is equal to 7/2 and hence, when Acx=(cp)cx,

ac=1, and —
h.

<
1

hC _ hb _ hb
Jac, JA(ep), o,
where /gy, hpp and b, = \[hy, -h, — respectively, the thickness of the layer, which causes the

ballast thermal and capacitive resistances of the device and the corrected thickness of the

(22)

146 —— Ukrainian Food Journal. 2019. Volume 8. Issue 1



Processes and Equipment

ballast layer; 4s, (cp)» and ap — respectively, thermal conductivity, volumetric heat capacity
and temperature diffusivity of the ballast layer.

In the case where the lines (At/ ;q) = f(h) and (Ae, /u,)= f(h) intersect each other
in the area 0-C, the abscissa axis of the combined graph (Figure 6), for example, at the point
F, where hi=|-h;1|=|~hp)1|= Ra= Pxi or at the point Fa, ne ho=|-hp|=|-hp2| = Ro= Px, in
the the result of the conversion of equations Ry=AixrRy—=Pxi=Ps/cp)ix and
szz/lzx'Rb:P)(z:Pb/(Cp)ZX we get:

ﬂlx:ﬂZJf:\/ﬂ:/szl' (23)

Ae/u,

Figure 6. On the analysis of the combined dependencies graph

(At/eg)= f(h) and (Ae, /u,)= f(h)

Moving of the point F of the mutual intersection of the lines (At/ ;q) = f(h) and
(Ae, /u,)= f(h) along the & axis of the graph towards the point C (Figure 6), is accompanied
by an increase in A, and a decrease in (¢p)x, hence an increase in the a, of the research material.
The value of the thermal activity of the material does not change, B =1=const . As in the

previous case (Figure 5), the change in thermal conductivity, volumetric heat capacity and
temperature diffusivity of the research material is accompanied by the movement in a circle
of points E and D in the direction of the abscissa axis of the graph, that is, the point C.

The nature of the dependence of the coordinates of the cross-section of lines

(At/ ;q) = f(h) and (Ae, /u,)= f(h) with the abscissa axis of the combined graph on the

thermal conductivity and volumetric heat capacity of the research material is shown in Figure
7.
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Unlike intersections of lines (A#/ ;q) = f(h) and (Ae, /u,) = f(h) on the abscissa axis
at points Fy and F», where B = f, =./F, /R, =1, the sum of the angles of inclination of

lines to the abscissa axis is not equal to /2, antax#l, A, #(cp),, #1, 4, #(cp),, #1,in
the case of intersection of lines at point C, the sum of angles of inclination of lines to the
abscissa axis ism/2 and A.. =(cp)., =ap, = P, =+JF, /R, =1 and R, =P, =./R, - P, .

The procedure of plotting the combined dependencies graph of (Ar/ ;q) =f(h),
(At/e))=f(R), (At/q)=[f(R), R, =R .+R,, (Ae, /u)=f(h), (Ae,/u)=f(P),
(Ag/u,)=f(P,) and P, =P +P,, based on the results of two experiments with samples
of material with thickness /174, (Figure 8) will be shown on the following example.

)'.r , (Cp).\'

(cp),

| A=(ep)=1

i h=h h

i (cp)

Figure 7. Dependence of thermal conductivity 7 and volumetric heat capacity of 2
experimental material on the coordinate of the intersection of straight lines (Ae, / e,) = f(h)
and (A7z-Ae, / Ae,) = f(h) with the axis of the abscissus

of the combined graph

Based on the results of measurement of the signals ey, e», difference in signals Ae=e;—
e and the average signal ;q =(e +e,)/2 of HFC device, temperature ¢, £ and the
temperature difference Ar=ti—t, on the working surfaces of the samples, and the average
temperature (= (t, +1,)/ 2 of samples and the speed of its change u, = 5t/AT at heating
(cooling) of the samples of research material with a thickness /1#/; in quasi-stationary mode:
1. We get the equation of a line (At/gq) =(K,/A)-h+K, -R,, that passes through the

points J, and J;, with coordinates, respectively, [hl;(At/;q ),] and [hz;(At/;q)z], and
aline (Ae, /u,)=((cp),/K,)-h+ B, /K, ,thatpasses through the points Z, and Z, with
coordinates, respectively, [A;(Ae, /u,),] and [A,;(Ae, /u,),] that intersect the abscissa

and the ordinate axes of their graphs (Figure 4, b and e) at |-/;/=Ax'R» and point A=K, Rj,
and |- |=Ps/(cp)x and point B=Py/K,. The angles of the lines / and 2 relative to the
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abscissa axis of the graph are, respectively: y =arctq(K,/4) and
0 =arctql(cp), / K,].

2. By the method of plotting of the combined chart in Figure 5, we build in Figure 8 a
combined graph of the line 7, which is described by the equation

(At/;q):(K ,/A)-h+K -R, and the line 2, which is described by the equation
(Ae, /u,)=[(cp), /K, ]-h+F, /K, and calculate the coordinates of the intersection of

the graph circle with the abscissa axis, that is, the values of the corrected ballast thermal
and capacitive resistances of the TPC device —
3. Through the points C and A, the coordinates of which are [-R ;0] and [0;(K - R,)], as

well as the points C and B, the coordinates of which are [P ;0] and [0;(P, /K ,)] we
draw the line 3, which is described by the equation (Af/ ;q) =K, R +K, R, and the
line 4, which is described by the equation (Ae, /u,)=P /K +F /K, . At that the

tangents of the angles ¢ and y, the slope of the lines 3 and 4 relatively to the abscissa axis
of the combined graph are, respectively: 1qp=(K,-R,)/R,=K,6 and

tqy=(P,/K,)/ P, =1/K,.
R,=P,= (K, -R)-(P,/K,)=1R,-P, . (24)

4. With the center at the origin of coordinates of the combined graph, we draw the circle
with radius | ~4, || -R_ || —P. |= R, = B, which crosses the abscissa axis of the graph at
point C, and the ordinates axis at points A" and B’,the ordinate of which is, respectively:
(At/e, ‘K,)=R, =R, and (Ae,-K /u)=P, =F, . In this case, the line 5, that goes
through the points C and A4'is described by the equation R,=Rx +Rj, and the line 6, which
goes through the points C and B' — by the equation P,=P, +P;. On the combined chart

(Figure 9), as well as in Figure 4, ¢ and f, the angle of inclination of the lines 5 — R,~f(Rx)
and 6 — P,~f(Px) to the abscissa axis of the graph is n/4.

We should also note that when heating (cooling) material samples in a quasi-stationary
thermal mode in a two-cell device (Figure 3), the equation of lines /-6 can be obtained, and
a combined graph similar to the one shown in Figure 8, can be built, for any average
temperature of sample of the research material. This allows us to study the dependence of
TPC of materials on temperature, taking into account the possible changes in the values of
the MC of device on temperature.

Numerical values of the coefficients of the equations describing the lines /-6, obtained
from the results of values measuring of HFC and TC of TPC device in the course of
experiments from the study of TPC of material, as well as the results of calculations of TPC
of this material and MC of device obtained from the equations describing the lines shown in
Figure 8, are essentially corrected to a,=f=1 and, consequently to 2x=(cp)x=1 of the research
material. In principle, the MC of the device and the TPC of the research material can be
calculated from any of the pairs of equations composed of those describing the line /, 3, or 5
and the line 2, 4 or 6.
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Aeju,
P,

m

Bl

Figure 8. Combined
dependencies graph:

1- (At/e)) = f(h),
2- (Ae, /u) = f(h),
3-(At/e))=f(R,),
P 4- (At/q)=f(R),
: 5-R =R +R,,
6-P =P, +P,.

Let’s show the calculation procedure of the MC of device and TPC of the research
material using the equations that describe the pair of lines: 1 — (At/ ;q)z f(h) and
(Ae, /u)=f(h), 2 — (At/e,)=f(R,) and (At/q)=f(R), 3 — R,=R +R, and
P =P +P,.

1. From equations (At/ Eq) =(K,/A)-h+K, R, and
(Ae, /u,)=[(cp), /K, 1-h+F, /K, we obtain the absissas of lines intersection with the axis

of the combined graph |-/;|=A«' Ry and |h(»)|=Ps/(cp)x, then by equation (24) we calculate the
value of the corrected thermal and capacitive resistances of the device. Also we determine
the value of the operating coefficient of HFC of device, according to the equation —

K, R,
K, = TR (25)
b q

The easiest way to determine the TPC of research material using lines / and 2 of the
combined graph can be calculated as follows:

PR A (26)
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P —
(cp), =—tr_1Thel @7
Pb /(Cp)x ‘_h(cp) ‘
—h |-|=h
A A o8
). |-k

B =2 (cp), = '__hh’ | (29)

(cp) |

It was noted above that the values of the coefficients of the equations describing the
lines shown in Figure 8, including line 7 — (At/e;)=(K,/A)-h+K, -R, and line 2 —
(Ae, /u)=[(cp),/K,]-h+ B, /K, ,are corrected to a,=fx=1. To substantiate this statement,

we assume that the line (A¢/ ;q) = f(h) and line (Ae, /u,)= f(h), built on a combined

graph (Figure 5) according to the results of experiments with samples of two materials that
have temperature diffusivity ax=a(,=1.

Under such conditions, we will show the procedure for determining the thermal
conductivity A, of the material, which in Figure 5 corresponds to the line crossing the ordinate
axis of the combined graph at point A, the abscissa axis at |-4;/= Ax'Rp and the circle of the
graph at point E, and the procedure of determining the volumetric heat capacity (cp)x of the
second material, which corresponds to the line crossing the ordinate axis of the combined
graph at point B, the abscissa axis at |- /)|=P»/(cp)x and the circle at point D, graphically.

To do this, we draw a line (Ae, /u,)" = f(h) through the points B and E, which is shown

on the combined graph as a dashed line, until crossing the abscissa axis of the graph. Given
that a;=1 abscissa of intersection of this line with the axis of the graph can be written as
follows:

B P A,
|, [m =tk = N | (30)
(cp), A A

x

Through the points A and D we draw a line (Az/ ;,, ) = f(h) , which is shown on the

combined graph as a dashed line, until the intersection with the abscissa axis of the graph.
Since acp=1, the abscissa of the intersection of this line with the axis of the graph will be:

| =i |5 Aepy - Ry = (cp) - Ry = (cp)- | =h; [ [ep), - €20

Taking into account the equations (30) and (31) and in accordance with (24), the
equation for calculating the ballast thermal and capacitive resistances of the device, using
which we carry out the determination of A« and (cp)x of materials, we write:

R, =\R,-P/=h. and P,=./F,-R, =h,..
As a result of the transformation of these equations:
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R, R _ [ I=hd  _I=hd .,
JR, BB IR, 1AL k|

F \/7 i |- (cP); _| e | (ep).=1,
JB R R BA | ~h, |

we obtain equations for calculation of Ax and (¢p)x similar to (26) and (27).

2. The procedure for determining the MC of device using the equation
(At/es)=K,-R +K,-R,, that describes the line 3 and the equation
(Ae, /u,)=P, /K, +F /K, , that describes the line 4, is fundamentally the same as in the

case of using the equations of lines (A¢/ ;q) = f(h) and (Ae, /u,) = f(h) . At the same time,
to obtain reliable results of the study of the temperature dependencies of the TPC of material,
it is necessary to have information on the temperature dependencies of the MC of device. In

this regard, the value of the operating coefficient of HFC Kq 0> s well as ballast resistances

bm and F;m of the device should be calculated according to the equations (24) and (25) at

the average temperature t= (t,+1,)/2 of the test sample, which includes the results of the
calculation of the TPC of material.

Further, with the use of complexes (Af/ e )i and (Ae, /u,) 0’ the values of which are

determined by the results of measurement of primary HFC and TC of device at the average
temperature of the sample ¢, we calculate the TPC of the material by the formulas:

K o -h
‘ (32)

A = Atle K -R ’
(At eq)(;)_( q° b)(;)

U)o \ Ko )
(cp).g = X 7 Q. (33)

q(n)

-1
ﬂx— At Ae P
4o = - :(qu'h)z.[(__] _(Kq'Rb)u)} (_q] _[K_b +34)
(©P) € ) U )i a )
U )y Kq 0}

ﬂx(}) = ﬂ/x(;) '(C'D)x(}) = AL
=] —(Kq’R/,)(;)
(1)

€q

(35)
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3. The procedure for calculating the TPC of material using the equations R,=R.tR,
and P,=P.+Pp, and lines 5 and 6, differs from the two described above, in no need to calculate
the MC of TPC of device before calculating the TPC of the material by formulas:

h

A== (36)
(At g); R,
(Agq/u), —F,;

(ep) g = 37

A A Y (ag L)
a - = x(1) =h- Tt_R . _q_P s (38)

x(1) (C ) b u b

Py 9 © t ()

(Aq / ut )(;) - Ph(;)
ﬂx(?) = ﬂ’x(?) -(C,O)x(;) = : (39

(At/q); -R

b(t)

Conclusion

Simultaneous obtaining information on the values of the thermophysical characteristics
of the material and the metrological characteristics of the device can improve the accuracy
of the study thanks:

— The exclusion of the use of the results of experiments with samples of reference
materials for the determination of the metrological characteristics of the device, and,
consequently, TFR of the research materials;

— The possibility to take into account the change of the metrological characteristics of
the device from the temperature, as well as the resistance of the system "device-
sample" during the expriment with the test material.
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