u] =,

Jocaidsceno mennopizuuni eracmueocmi piznoma-
HIMHUX penoeun ma cymiuell HepyuHieHUM MeMmoooM.
IIpononyemvcs usnavumu 6euMuny menaonposiono-
cmi penoeun ma cymiueti Memooom npamozo nioizpiey
mepmicmopa.

Cmeopeno npucmpiii 013 6UMIPIOGAHHA MENJONPO-
6ionocmi piznomanimuux penosun ma cymiwei, npum-
yun 0ii aK020 6azyemMvbCa Ha BuMiptoeanii memnepamy-
pu posizpiey mepmicmopa 6 00CAI0NHCYBAHIU PenoBUN.
Ipuyvomy epaxosyemovcs HeiHIHUIL XapaKmep ompu-
Manoi 3anexcHocmi po3iepigy mepmicmopa.

Ha ocnoei npoeedenux o0ocaidycenv noxaszamna
MOJNCIUBICMb BU3HAUEHHA CKAAdY cyMiwmi 3a ii Koe-
Qiuienmom mennonpoeionocmi. Haodani pesyavma-
mu excnepumeHmanbHux 00CaAi0NCeHb 3 eMANLOHHUMU
pidunamu, po3uuHamu uyxKpy, 2aiuepuny ma cnupmy y
600i. Haoani pesynomamu eumiptoeans mennodizuu-
nux eaacmusocmeii (TDB) Gionoziunux pewosun (kpos
ma naazma Kpoei 1100unu, 0i10K Ma HCOEMOK KYpa1020
Ay ma inwi), 0eaKux 06o4ié 3a 00NOM02010 Memooy
npamozo nidizpisy mepmicmopa é dianazoni memnepa-
myp 6i0 +25 °C do +40 °C.

Oo6rpynmosano, wo npu docaioxcennsx TAB pevo-
UH MeMO0OM NPAMO20 Nnidiepiey mepmicmopa Modic-
auee UIHAUEHHA CKAAOY cymiwell 3a ix menaonpo-
eionicmio, ane npu uvbomy HeodXIOHO epaxosyeamu
inoueidyanvni enacmueocmi 00CaiONcysanux pioum.
Haoano pexomenoauii w000 npoeedenns 0ocaioxncen-
na TDB peuosun ma susnauenns 3a ix menaonpoeioni-
cmio ckaaody cymimeil 3 6paxys8annam iHoueioyatvHux
saacmueocmeil 00CAI0NHCYBAHUX PEUOBUH.

Buxopucmanns 3anpononoseanozo memooy npamozo
niodizpiey mepmicmopa 013 6U3HAMEHHA CKAAOY CYMiuLi
Po3uunie, 0ionozZiMHUX MAMeEPIanie ma Xapuoeux npo-
dyKxmis Haoae MoNHCAUBICMb AHANIZYEaAMU CKAAO HAHO-
penosun, ompumyeamu 00Cmogipni dami npo cmynins
anepeiunoi peaxuii. A y eunaoky eusnauenns ckaaoy
xXapuosux npooyxmie — épaxoeyseamu ompumani oaui
npu po3pooui xon00unviozo 06aa0HANNA MA NPOOOG-
JHcenni cmpoxy 30epizanms npooyxmie 3i 36epercennam
ix KopucHux enacmueocmei

Knouoei caosa: sumiprosanms, menaonposionicmo,
mepmicmop, mennoQizuuHi Xapaxmepucmuxu peuo-
eun, cknao cymiwi
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1. Introduction

A comprehensive study of the properties of materials, in-
cluding their thermophysical properties, in particular, ther-
mal conductivity, necessitates the development of effective
research methods and techniques. The thermal conductiv-
ity coefficient is an important indicator of various thermal
processes. The most effective methods for determining the
thermal conductivity coefficient include non-destructive
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testing. With their help, it is possible to obtain informa-
tion on thermal conductivity of the studied material with
maximum preservation of its natural structure. In addi-
tion, non-destructive methods allow achieving the highest
measurement efficiency since these methods do not require
laborious preparation of the materials to be studied. The
measurement of TPP of substances is used to determine their
composition. The method of thermal nondestructive testing,
in particular, “thermal conductivity method”, is used to de-



termine the composition of gas mixtures in process mixtures
of different composition [1] in gas analyzers with the aim
of developing modern innovative cooling liquids (nano-lig-
uids) [2], nondestructive testing of the binder liquid content
in polymer-composite materials at the stage of their manu-
facture [3]. Also, the “thermal conductivity method” is used
to measure the content of water and ethanol in mixtures [4],
to determine the presence and degree of immunological reac-
tion [5], to determine the surface heating temperature of an
ultrasonic emitter [6], etc.

It is important to develop new methods and instru-
ments based on them, which greatly simplifies the process
of measuring the thermal conductivity of materials by the
non-destructive method. Importantly, it is possible to simul-
taneously measure several samples with improved efficiency
(provided that the time of measuring multiple samples is
shortened) and given accuracy of measurements.

2. Literature review and problem statement

In [7], the results of the studies to determine the ther-
mal conductivity of substances are presented. Most of the
existing thermal conductivity measurement methods have
a number of disadvantages. The issue of the bulkiness of
heat measuring systems remains unresolved. This places
increased demands on experimental conditions. At the same
time, the measurement time is increased and the problem
of conducting studies of several samples simultaneously
is unresolved. A way to overcome these difficulties can be
mathematical processing of thermistor heating thermograms
during the heating pulse. But the issue of using this method
for measuring over a wide temperature range remains unre-
solved. The reason for this is the nonlinear dependence of the
thermistor resistance on its temperature and the change in
thermistor power during heating, which leads to an increase
in measurement error. An option to overcome such diffi-
culties may be to introduce appropriate adjustments in the
calculation formula.

This approach is used in [7]. However, this paper does
not address the issue of changes in the operating modes and
parameters of the measuring bridge to ensure a minimum
error in determining the thermal conductivity coefficient.
This suggests that it would be advisable to conduct a study
for measuring the thermal conductivity coefficient in a wide
temperature range under the appropriate operating modes
and parameters of the measuring bridge.

Thus, a detailed analysis of methods for measuring the
TPP of biological substances and analysis of studies made by
various researchers was carried out in [8]. The author con-
cluded that the most appropriate method of measuring the
TPP of biological materials is the method of pulse heating
of the thermistor.

In [9-11], the results of the studies on determining the
thermal conductivity coefficient by the heating temperature
of the thermistor having thermal contact with the studied
substance are presented. In [12, 13], the results of the studies
on determining the thermal conductivity coefficient by the
mathematical processing of thermistor heating thermograms
during the heating pulse are given. In [14], the results of the
studies on determining the thermal conductivity coefficient
by comparing the temperature of thermistor heating in the
studied substance and the temperature of thermistor heating

in the reference substance are presented. However, the pub-
lished results of [9—14] left the problem of applying a large
number of correction coefficients in mathematical models for
determining the thermal conductivity of substances (mix-
tures), which significantly increases the measurement error
for a number of studies. It should be noted that this approach
is impractical for accurate determination of thermal conduc-
tivity, since it will not be possible to determine the TPP of
mixtures with a small difference in thermal conductivity
values of substances.

It should be noted that a fairly simple method of ana-
lyzing the mixture composition is often used to determine
the distribution of gas mixtures and solutions. This method
is based on the dependence of the thermal conductivity
coefficient on the concentration of mixture components
(“thermal conductivity method”) [15—18]. The application
of the thermistor direct heating method to determine the
composition of substances (mixtures) by measuring the
coefficient of their thermal conductivity allows creating a
simple express method of determining the composition of
substances [18].

It is highly demanded to develop effective methods of
measuring the thermal conductivity of substances in order
to determine their thermophysical properties and to analyze
the composition of mixtures based on the determination of
their TPP. The need to control the TPP of substances at all
stages of production leads to the search for and improvement
of the means of non-destructive testing of thermal conduc-
tivity of materials.

Based on the above, it can be concluded that an effective
method for examining substances is based on the determi-
nation of their TPP, in particular, thermal conductivity. But
there is no clear description of thermophysical mechanisms
that occur during short-term heating of various substances
by a small heat source. Therefore, an important factor for
reliable determination of the composition of substances is
their TPP as the main properties of substances.

The instruments used to determine the composition of
substances by their TPP are complex to implement, require
long-term studies, impose increased requirements on exper-
imental conditions, require a long calibration process, are
characterized by the design complexity of the measuring
cell, have limited sensor sensitivity and require a large
volume of the test substance. All of the above results in a
significant measurement error. This substantially limits the
capabilities of the method of determining the substance com-
position by the value of thermal conductivity for practical
use in biomedical, food and mixture composition research.

3. The aim and objectives of the study

The aim of this study is to investigate the possibility of
determining the composition of solutions, biological mate-
rials and foodstuffs by their thermophysical characteristics
using the thermistor direct heating method based on their
thermophysical properties in different temperature rang-
es. In particular, the study of the possibility of using this
method to determine the composition of the mixture by its
thermal conductivity coefficient.

To achieve the aim, the following objectives were set:

— to substantiate the possibility of using the thermistor
direct heating method to determine the thermal conductiv-
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Fig. 1. Block diagram of the device for determining the thermal conductivity coefficient by

To determine the ther-
mal conductivity coefficient
of substances, the simplest
method is thermistor direct heating, which uses the abil-
ity of the thermistor to self-heat when an electric cur-
rent flows through it. The heating temperature of the
thermistor depends on the temperature of the medium in
which the thermistor is located, that is, on the thermo-
physical characteristics of the test substance with which
the measuring element (thermistor) has thermal contact.

Ideally, when the thermistor is shaped like a ball of
radius 1, under the condition of ideal thermal conductivity
(A>10 W/m-K) and the thermal energy spreads uniformly
from it to all directions. Thus, there is thermal contact (no
thermal resistance) at the boundary between the thermistor
and the medium, the value of the thermal conductivity coef-
ficient A of the surrounding test substance is determined by
the formula [9, 19, 32]:

__hk @
Ar AT’

where A is the thermal conductivity coefficient of the test
substance, W/(m-K); P is the thermistor power, W; r is the
thermistor radius, m; AT is the thermistor heating tempera-
ture, K.

Thus, to determine the value of the thermal conductivity
coefficient by the thermistor direct heating method, it is
sufficient to directly measure the heating temperature of the
thermistor in the test substance.

4.1. Device for measuring the thermal conductivity
of substances

Measurement of the temperature of thermistor heating
in the test substance at different temperatures is carried out
using a measuring device, the simplified block diagram of
which is shown in Fig. 1.

the thermistor direct heating method

The thermistor R; is included in one of the arms of the
measuring bridge. The resistance value of the other three
resistors R, is the same and depends on the temperature
range of the measurement. In this case, the RH16 — 3G202FB
“MITSUBISHI MAT. CORP. ” thermistor (Japan), which at
+25 °C has a resistance of 2 kOhm £1 % was used. If the mea-
surement is carried out in the temperature range from +30 °C
to +70 °C, probe No. 2 with R,,=1.15kOhm is used and the
bridge is balanced at +40 °C. The device for measuring in dif-
ferent temperature ranges has two parallel measured channels
with different probes. For simultaneous measurement of ther-
mal conductivity of several test substances, the measuring
device has two probes the unbalance of the bridges of which is
measured by the same ADC. Measured signals from different
probes are fed to the ADC via a multiplexer.

If the measurement is carried out in the temperature range
from +18 °C to +48 °C, probe No. 1 with R,=1.87 kOhm is
used and the measuring bridge is balanced at +27 °C. The
presence of two different probes for measurement in different
temperature ranges is due to the need to ensure the accuracy
of measurement of the thermal conductivity coefficient of
the test substances, provided that the relative measurement
error does not exceed 3% and a resolution of 0.0006 °C
of temperature measurement in each of the ranges. The
voltage in the bridge diagonal is amplified by the amplifier
and fed through the divider to the analog-to-digital conver-
ter (ADC). The voltage divider is required to match the
voltage range at the amplifier output, which is from 0
to +15 V with the maximum allowable voltage at the ADC
input, which varies from 0 to +2.5 V. At the ADC output we
get a binary code whose value is proportional to the bridge
unbalance voltage. This unbalance is measured by the micro-
controller at the beginning of the current pulse flowing in
the thermistor under the influence of voltage U, and at its



end, and transmitted through the interface to the personal
computer (PC), and the resulting data set is stored as a text
file. In this case, Wi-Fi modules are used to connect the me-
ter to the PC. According to the obtained data of thermistor
heating under the action of current pulse stored in the file
(the N value at the beginning of the pulse and at its end),
the thermistor heating temperature is determined. The
switch position sets the required pulse amplitude U, — 12 V
for Probe No. 2 or 15 V for Probe No. 1 to provide the same
thermistor power in different temperature ranges.

The presented device is improved on the basis of the
device developed earlier by the authors [7, 18, 19]. The im-
proved device is used to determine thermal conductivity
at different temperature ranges. It

differs from the previously devel- 0.032
oped device in that different cir- 0.0315
cuit solutions are used for different 0.031
thermistor probes, and the ampli- 0.0305
tude of the heating pulse is changed 3“ 0.03
to set the same thermistor pow- 2 0.0295
. . 3
er in variable temperature ranges. g  0.029
= 0.0285
4. 2. Substantiation of the .2 0.028
mathematical dependence of the g 0.0275
thermal conductivity coefficient ¢  0.027
on the measured thermistor heat- 0.0265
ing temperature 0.026
The presented mathemati- 0.0255
0.025

cal dependence of the process of
measuring the thermal conductiv-
ity of various substances, in con-
trast to the existing ones, takes
into account a number of conditions
that reduce the measurement er-
ror and the time required to pre-
pare samples for measurements
and to conduct research directly.

Thus, thermistor resistance is calculated by the for-
mula [20]:

1 1 ) (2)

B(
_ ) T+273.15 298.15
R =R,-e

)

where R, is the thermistor resistance, Ohm; R»5 is the therm-
istor resistance at +25 °C, Ohm; B is the process factor, de-
pending on the thermistor material, 1/K; T'is the thermistor
temperature, K.

In this case, at the ambient temperature T,,=+25 °C, the
thermistor voltage is:

( 1 1 J
T+273.15 298.15
UC(? : st -e

U 3

t

B( 1 1 ) ’
R R > T+273.15 298.15
t 25

where U, is the thermistor voltage, V; U, is the heating pulse
amplitude, V.
Current I, flowing through the thermistor:

U,
I = @ _ — %)
. B(T+273.15 298.15)
R +R,-e

where I, is the current flowing through the thermistor, A.

Thermistor power P;:

P=U

t t

-1 t (5 )
where P, is the thermistor power, W.

Given that at different temperatures the thermistor re-
sistance is different in probes No. 1 and No. 2, the thermistor
power will be different at the same heating pulse amplitude. To
equalize the thermistor power of probes No. 1 and No. 2, it is
necessary to use different heating pulse amplitudes (U,). Thus,
for probe No. 1, the heating pulse amplitude is +15V, and for
probe No. 2 — +12 V. The graphs of Fig. 2 show the temperature
dependence of the thermistor power for probes No. 1 and No. 2.

19212325272931333537394143454749515355575961 63656769

Thermistor temperature, °C

1 - Probe No. 1. Temperature range from +19 °C to +48 °C
2 - Probe No. 2. Temperature range from +30 °C to +70 °C

Fig. 2. Temperature dependence of thermistor power for probes No. 1 and No. 2

The thermistor heating temperature AT is determined by
the thermistor resistance, which depends on its temperature.
In turn, the thermistor resistance determines the unbalance
voltage of the measuring bridge in one of the arms of which the
thermistor is included. If the measurement of the unbalance
voltage of the measuring bridge is carried out by the ADC,
then this voltage will be represented by the value at the ADC
output, that is, the binary code of number N. Determination of
the thermal conductivity coefficient by the measured value of
N s carried out by software implemented on the PC.

To determine the dependence of the binary code of num-
ber N at the ADC output on the thermistor temperature for
both probes, we consistently determine the voltage depen-
dence on the elements of the block diagram.

Voltage in the bridge diagonal U,

U,=U,- U2 , (©6)

where Uy is the thermistor voltage, V; U, is the heating pulse
amplitude, V.
Amplifier output voltage U,:

Ua:Ku.UerUmf’ (7)

where U,y is the reference voltage of the differential amplifi-
er, V; K, is the gain of the differential amplifier.



ADC input voltage U,

appropriate corrections. Then the formula (1) for determin-
ing the thermal conductivity coefficient at temperature T

U - : :
U, = Ka , (8) will take the following form:
P ! K prop
where K. is the divider ratio. A= - T T , (10)
Then the numerical value at the ADC 4nr((( Noi=Nyw) =Ny =Ko Ny Kdif/)' Ko ol AT J
output, i. e. the binary code of number N, N4 ' "Ny

N,
U - adcmax , 9
adc U ( )

adcmax

N,

adc —

where N 440 max 1S the maximum numerical value at the ADC
output, c. u.; U 44c max is the maximum voltage at the ADC
input, V.

This meter uses the dependence of numerical values
at the ADC output N on the thermistor temperature in
the temperature range from +18°C to +48 °C for bridge
No. 1 with R,=1.87 kOhm and in the temperature range
from +30 °C to +70 °C for bridge No. 2 with R,,=1.15 kOhm.
The functions of the dependence of the numerical value at
the ADC output on the thermistor temperature are calcu-
lated according to the actual electric characteristics of the
measuring channel of the device and are shown in Fig. 3.

The heating temperature of the thermistor, due to the
passage of an electric current pulse through it, is proportion-
al to the difference in numerical values at the ADC output
at the end of the pulse (the end heating point) and at its
beginning (the starting heating point). It should be noted
that the thermistor has a shell of glass or epoxy resin, and
there is an error in determining the thermistor resistance
and the nonlinear nature of the temperature dependence of
thermistor resistance. Therefore, it is necessary to introduce
additional proportionality coefficients into the calculation
formula (1), which are determined by testing on reference
fluids with known TPP [21, 22].

Numerical value at the ADC output, c.u.
Y
()
S
S

1921232527293133353739414345474951535557596163 656769

Thermistor temperature, °C

1 - Probe No. 1. Temperature range from +19 °C to +48 °C
2 - Probe No. 2. Temperature range from +30 °C to +70 °C

Fig. 3. Temperature dependence of the numerical value at the ADC output

Given the nonlinear nature of the dependence given in
Fig. 3, to adjust it to linear, when performing the calcula-
tions of the thermal conductivity coefficient, we introduce

where A is the thermal conductivity coefficient of the test
substance, W/(m-K); Pr is the thermistor power, W; r is
the thermistor radius, m; AT is the additional thermistor
heating temperature, caused by the presence of the therm-
istor shell and measured by calibration of the device using
reference substances, K; K, is the proportionality factor,
which is also determined by the calibration of the test meter
using reference substances. This factor characterizes the
sensitivity of the thermistor probe to the value of the ther-
mal conductivity coefficient of the test substance in which
the measuring probe is located; N,,4 is the numerical value
at the end heating point of the thermistor measured by the
thermistor probe; Ny, is the numerical value at the starting
heating point of the thermistor measured by the thermistor
probe; K, is the coefficient that adjusts the measured value
of the thermal conductivity coefficient depending on the
error of measuring the temperature of the analysed sample
by the thermistor probe (error of temperature measurement
by the thermistor probe before thermistor heating); Ky is
the coefficient that adjusts the dependence of the differ-
ence N,ug— Niare measured by the thermistor probe on the
temperature of the test sample; K;omy, is the coefficient that
determines the sensitivity of the thermistor probe (compen-
sates for the error of the difference N,,s — Nyiare measured
by the thermistor probe to the average value for all probes);
Tref is the thermistor temperature equal to +40 °C; Ty is the
thermistor temperature at which Ny pc=0; Nref is the numer-
ical value at the ADC output at
probe temperature +25°C for
probe No. 1 and at probe tem-
perature +40 °C for probe No. 2,
N¢r) is the numerical value at
the ADC output at probe tem-
perature T (in this case the ther-
mal conductivity coefficient was
determined at sample tempera-
tures of +25°C and +40 °C),
calculated under the condition
of linear dependence N=f(T).

The values of the coefficients
AT, Kprop’ Keorn Kdifﬁ Kcomp
should be determined during
the investigations individually
for each probe during calibra-
tion testing using reference flu-
ids with known TPP. These co-
efficients are the characteristics
of the thermistor probe. It is also
necessary to analyze the uncer-
tainty of the coefficients AT,
Kpmp; Keorn Kdiff; Kcomp, thermal
conductivity coefficient of refer-
ence liquids with known TPP, which were used in the cali-
bration. This is necessary to determine the measurement ac-
curacy of the thermal conductivity coefficient of the device.



The results of measurements of the thermal conductivity
coefficient of sugar, glycerol, aqueous ethanol solutions, biolog-
ical materials (human blood and human blood plasma, milk of
different fat content, egg white and yolk) are considered. Mea-
surements of the thermal conductivity coefficient of food-relat-
ed substances (lemon, banana, orange) were also made.

Although the thermal conductivity coefficient is not con-
stant for many substances but depends on temperature 7, the
measurements were carried out at +25%2 °C using probe No. 1
and at +40=£2 °C using probe No. 2. Such data are necessary
for objective evaluation of thermal conductivity measurement
results and creation of a model of the temperature dependence
of thermal properties. The dependence in temperature ranges
can be approximated by a linear function, for example [23]:

MT) = [ 140, (T=T)], 1)
where % is the value of the thermal conductivity coeffi-
cient at temperature Tp; o is an empirical constant [11],
determined by comparing the measured value of the thermal
conductivity coefficient at different temperatures of the test
samples; T is the temperature of the medium.

The proposed mathematical dependence of the thermal
conductivity coefficient on the measured thermistor heating
temperature, in contrast to the existing ones, takes into ac-
count the conditions of thermal energy propagation from the
sensing element when measuring the temperature of the test
sample, the change of the thermistor power during heating
and the sensitivity of the thermistor probe to the thermal
conductivity value of the test substance.

4. 3. Design features of the developed meter for deter-
mining the TPP of substances

Measurements of the thermal conductivity coefficient
were carried out using the system shown in Fig. 4 and
the probe design shown in Fig. 5. The thermistors are at-
tached to the end of the cone-shaped measuring probes.

8 mm diameter test tube of 350-450 pl was filled with
the test material and placed in a container at a tem-
perature of +25+2 °C. The container is shown in Fig. 6.

Fig. 5. Design of the measuring probe of the device

To measure the thermal conductivity of food products,
banana, lemon, orange were used as the test substances using
probe No. 1. In the thermistor heating temperature range
from +18 °C to +48 °C, a hole of the corresponding diameter
was created in the material, and then a probe was installed
into this hole. Fig. 7, a—d show examples of probe placement.

To measure liquid materials with probe No. 2 in the
thermistor heating temperature range from +30 °C to +70 °C,
an 8 mm diameter test tube of 350—450 ul was filled with the
test material using the batcher (Fig. 6, b) and placed in the
cartridge, and the cartridge was installed in the thermostat.
The thermostat (Fig. 6, @) heated the test samples to +40£2 °C
to stabilize the temperature during the measurement session.

Prior to the measurement, the calibration of the meter using
reference liquids with known thermal conductivity coefficients
was carried out. The unit has two measuring probes, measur-
ing unit and additional thermostat (Fig. 6). The measurement
results are processed using a PC connected to the developed
measuring device. To conduct the measurement session, the op-
erator immerses the probes into the test sample and then starts
the measurement procedure on the PC using the appropriate
software.

At the beginning and end of heating, the values

Program window for
controlling the
measuring unit

Program window for
processing
measurement data

WI-FI modules for connecting
the measuring unit with the
personal computer

Measuring device

Measuring unit
power supply

Measuring probes
with thermistors

at the ADC output are recorded in the memory of
the measuring device microcontroller and then trans-
ferred to the external PC, where the measurement
data file is formed. According to these measurements,
the temperature of thermistor self-heating is deter-
mined. The heating time of the thermistor should be
greater than the time constant of the thermistor. In
this case, for the RH15 thermistor, the time constant
is 6 s, so the heating time should be more than 6 s. The
duration of the pause between the pulses to effectively
cool the thermistor must exceed the duration of the
heating pulse by more than 45 times.

Personal computer for managing and
processing measurement data

Test tubes of test compositions

Fig. 4. System for measuring the thermal conductivity of substances

To measure liquids with probe No. 1 in the thermis-
tor temperature range from +18°C to +48 °C, to stabi-
lize the temperature during the measurement session, an

Fig. 6. Thermostat of the developed device:
a — thermostat with container, b — filling of the test
tube with the test liquid using multi-channel dispenser



Calculation of the thermal conductivity coefficient by
measuring the heating temperature of the thermistor having
thermal contact with the test material is carried out by the
formula (10).

The proposed design of the meter for determining the
TPP of substances, in comparison with the existing ones, al-
lows simplifying the design of the device, reduces the require-
ments for experimental condi-

surements were used, and the results are given in Table 1.
It is found that by the F-test the obtained dependence is
adequate with a confidence probability of 0.95. The estimat-
ed value of the criterion F,, which is 1.12261825, does not
exceed the table (critical) value of Fi., which is 1.8307 at
the level of significance a=0.05 and the number of degrees of
freedom f1=10 and f,=990.

tions, which, in turn, reduces Table 1
the time of research. In this Results of thermal conductivity study of reference liquids

case, the process of calibration

of thermistor probes is also Thermal conductivity coefficient

simplified, .since the proposed Test substance T‘;CUI;I(EJCDFS- MathemaFical . St'anfiard Relative Re(ti'erence Data of other
mathematical dependence ’ e)\(}secta't;gn, %‘\;latlo.lllé % | error, % W ata.’K researchers®
of the thermal conductivity - /(mK) /(mK) /(m-K)

coefficient on the measured | pDistilled water 25 QC 0.611 0.006 1.57 0.609 [24]
thermistor heating tempera- +40 °C 0.629 0.007 1.11 0.628 [24]
ture takes into account the 5 % glycerol +25°C 0.332 0.005 1.92 0.33 [24]
measurement error of the | solutioninwater | +40°C 0.337 0.005 1.65 0.336 [24]
thermistors. It should also be | Medical ethanol | +25°C 0.180 0.003 187 0.178 [24, 25]
noted that the specified meter (96 % aqueous -

allows measuring the TPP of ethanol solution) +40 °C 0.174 0.003 1.80 0.175 [24, 25]

small amounts of substanc-
es, up to 0.2 pl, which great-
ly expands the application of
the thermistor direct heating
method in various industries.

3. Results of studies on thermal conductivity of solutions,
biological materials and foodstuffs

Before carrying out the studies to determine the coef-
ficients AT,, Kpop, Keon» Kagzr Koy, calibration of the
measuring device was carried out for each of the probes
(i — probe number), which consisted in control measurements
of the thermistor heating temperature in reference liquids
with known TPP. Distilled water, 85 % glycerol solution
in purified water and 96 % aqueous ethanol solution were
used as reference liquids. The procedure for determining the
coefficients ATy, Kyop, K, Ky, K, is given in[7].

To check the error of determining the proportionality
coefficients and thermal conductivity coefficient of the test
substances of the measuring device, a control study of the
thermal conductivity of the reference liquids was performed:

— distilled water;

-85 % glycerol solution in purified water (85 % skin
solution, medical);

- 96-Extra medical ethanol (96 % aqueous ethanol
solution).

The results of the studies are given in Table 1.

These and subsequent thermal conductivity measurements
of the test materials were carried out in 10 min sessions (num-
ber of sessions — 10) upon reaching the temperature of the test
samples +25 °C (for probe No. 1) and +40 °C (for probe No. 2).

Calculation of the thermal conductivity coefficients at
these temperatures was carried out using the formula (10)
according to the measurement data and, respectively, N7y
values at the probe temperatures T +25 °C and +40 °C, cal-
culated from the linear dependence of the numerical value at
the ADC output (N) on temperature (7).

To check the adequacy of the developed mathematical
dependence in determining the thermal conductivity coeffi-
cient of the investigated substances, the results of the mea-

Note: * — the “Source of information” column of Table 1 shows the measured values of the thermal conduc-
tivity coefficient of substances, solutions, given in the directories. The square brackets provide a reference to
the source of information and the parentheses indicate the sample temperature at which the value is given.

As is known, substances can change their properties over
time and when their temperature changes, so the study of
their characteristics must be carried out taking into account
these circumstances.

Measured values of thermal conductivity, measurement
error and empirical coefficient of the temperature depen-
dence of thermal conductivity are given in Table 2.

Measurements of the thermal conductivity coefficient of bi-
ological materials were carried out in order to investigate their
properties and to create a basis for further development of vari-
ous research methods in the field of medicine. Measurements of
the thermal conductivity of some foodstuffs were carried out in
order to investigate their properties and evaluate the applicabil-
ity of the method of TPP studies of foodstuffs.

In order to establish the uncertainty of thermal conduc-
tivity measurement, 10 measurements were performed in
10 min sessions for the test samples of substances, solutions,
mixtures, some foodstuffs, biological materials.

The arithmetic mean (mathematical expectation) of the
thermal conductivity coefficient A, of each test sample is
determined by the formula:

A= (12)
g

where A, ; is the result of the i-th measurement, W/(m-K); n
is the number of measurements of each of M test substances.
The results of the calculations are given in Table 1.
The total standard error is determined by the formula:

Ahl.s. = \/ A;\'LQ.s.r(m. + A?\’r?.s.sysl. ’

where AA, .. is the estimate of the random error of
the measurement result and with the value of confidence
p=0.95; AR, is the systematic error (the difference be-
tween the value obtained as a result of the measurement (the
average of all measurements in the series) and the reference
value — the table value taken from the directories.

(13)



Table 2

Results of thermal conductivity measurement of solutions, biological substances and some food products

Measured data
Biological material Probe Ther{n'fll conductivity Relative Empirical Data of other researchers*
No. coefficient, W /(m-K) o constant o,
(temperature, "°C) error, 7o 1/°C
1 540 (+25° 2.4
20 % sugar solution 0540 (+25 © 0.00125 0.535(20 °C) [25] 0.56(40 °C [25]
2 0.564 (+40 °C) 2.2
) 1 0.475 (+25 °C) 2.3
40 % lut 0.0011 0.47(20 °C) [25] 0.492(40 °C) [25
% sugar solution 5 0.495 (+40 °C) 91 ( ) [25] ( ) [25]
1 A +25° 2.
60 % sugar solution 0407 (+25 © > 0.0007 0.405(20 °C) [25] 0.419(40 °C) [25]
2 0.422 (+40 °C) 2.3
1 4 +25° 1.
20 % ethanol solution 0477 (+25 © 8 0.00095 0.471(20 °C) [24] 0.49(40 °C) [24]
2 0.495 (+40 °C) 1.7
1 . +25° 1.
40 % ethanol solution 0368 (+25 © 6 0.00045 0.364(20 °C) [24] 0.373(40 °C) [24]
2 0.371 (+40 °C) 2.0
1 277 (+25° 2.
60 % ethanol solution 0277 (+25 © 5 0.00015 0.276(20 °C) [24] 0.279(40 °C) [24]
2 0.276 (+40 °C) 2.2
1 0.210 (+25°C 2.3
80 % ethanol solution (25 © ~0.00015 0.212(20 °C) [24] 0.209(40 °C) [24]
2 0.205 (+40 °C) 2.1
1 0.166 (+25°C) 2.1
Ethanol - ~0.00025 0.167(20 °C) [24] 0.162(40 °C) [24]
2 0.164 (+40 °C) 2.2
. ‘ 1 0.527 (+25°C) 1.8 ] ]
20 % glycerol solution ; 0545 (+40°0) - 0.00125 0.522(20 °C) [24] 0.547(40 °C) [24]
40 % glycerol soluti L 0452 (+25°C) L9 0.00095 0.452(20 °C) [24] 0.471(40 °C) [24]
6 glycerol solution 5 0474 (+40 °C) 17 X . .
60 % glycerol soluti L 0390 (+25°C) 18 0.0006 0.387(20 °C) [24] 0.399(40 °C) [24]
6 glycerol solution 5 0397 (+40 °C) 19 X . .
80 % glycerol soluti L 0332 (+25°C) 2.1 0.0003 0.33(20 °C) [24] 0.336(40 °C) [24]
6 glycerol solution ) 0334 (+40 °C) 20 X . .
- . 1 0.542 (+25°C) 19 ]
Cow’s milk 1.0 % ; 0571 (+40°C) T 0.0008 0.544(27 °C) [26]
. o 1 0.558 (+25 °C) 1.95 0.554(20 °C) 7.9 % [26] 0.612(80 °C)
Cow’s milk 2.5 % 5 0561 (+40°C) 7 0.0006 7.9 % [26, 28]
. 1 0.547 (+25 °C) 1.96
’ 1k 3.2 % . .56(+40 ° 21
Cow’s milk 3.2 % 5 0565 (140 C) 17 0.0009 0.56(+40 °C) [21]
) 1 0.338 (+25 °C) 2.6 0.357(7.8°C) [28] 0.337 (19.4 °C) [28] 0.383
Chicken egg (yolk) 5 0319 (+40°C) 54 0.0006 (31.3°C) [28] 0.34
. B 1 0.577 (+25 °C) 2.5 0.5(7.8°C) [28] 0.583 (19.4 °C) [28] 0.577
Chicken egg (white) 2 0567 (+40°C) 59 -0.0005 (313°C) 28] 0.56
Blood (whole) 2 0.494 (+40 °C) 2.7 - 0.506 (38.1°C) [29]
Blood (plasma) 2 0.567 (+40 °C) 26 - 0.581(36.4°C) [29]
Red apple 1 0.51 (+25°C) 3.0 — 0.46 (23 °C) [30]
Green apple 1 0.418 (+25°C) 29 - 0.43 (27 °C) [30]
Orange 1 0.576 (+25 °C) 2.6 — 0.588 (28 °C) [31]
Lemon 1 0.521 (+25°C) 27 - 0.592 (28 °C) [31]
Banana 1 0.424 (+25 °C) 2.9 — 0.498 (27 °C) [31]

Note: * — the “Publications data” column of Table 2 shows the measured values of the thermal conductivity coefficient of substances, solu-
tions, mixtures, some foodstuffs, biological materials conducted by other researchers. The square brackets provide a reference to the source of
information and the parentheses indicate the sample temperature at which measurements were made.

Then, for the significance level a, which corresponds to
the confidence probability p=1-a, the measurement result
differs from the true one by a value not exceeding AA, .
Thus, it is possible to determine the range of the measured
value |A,, —AA, A, +A7uz_s_], which is the confidence
interval.

The half-width of the confidence interval is defined as

ts)

AN =t,,5

t.s.ran. o,n?

(14)
where ¢, is the table value of the Student’s coefficient tak-
en with the significance level a for the number of degrees of
freedom #; S is the mean square error of the arithmetic mean.

By the arithmetic mean and the total standard error, the
relative error of calculations is defined as:



AA
d=—="-100 %,
A

t.s.

(15)

where & is the relative measurement error, %; AL, isthe total
standard uncertainty, including the random and systematic
component, W/(m-K); A,  is the arithmetic mean of the
thermal conductivity coefficient of the test samples, W/(m-K).
The results of the calculations are given in Tables 1, 2.

6. Discussion of the results of studies of thermophysical
properties of substances and evaluation of factors
influencing measurements

Measurement of the thermal conductivity of the blood
plasma was carried out after separation of the liquid portion
from the formed elements by the separator. This procedure is
implemented by centrifugation of whole blood.

In the study of the thermal conductivity of egg white
and yolk, it was found that with increasing temperature from
+25 °C to +40 °C, the thermal conductivity of white decreased
and the thermal conductivity of yolk increased. The location
of the measuring probe in the study of thermal conductivity in
test tubes with samples of white and yolk is shown in Fig. 7, a.

In the study of the thermal conductivity of milk with
varying fat content, it is revealed that with increasing fat
content, the thermal conductivity of milk decreases. The
location of the measuring probe in the milk sample tube is
shown in Fig. 7, b.

Studies were also carried out to determine the thermal
conductivity of fruits such as lemon and banana (Fig. 7, ¢, d).

a b c d

Fig. 7. Study of thermal conductivity: @ — egg white and yolk;
b — milk; ¢ — citrus fruit; d — fruit (banana)

For comparison, Table 2 shows the measurement data
available in the publications. The experimental error of
measuring the thermal conductivity coefficient for most
substances by the thermistor direct heating method did not
exceed 3 %, which is confirmed by the measurement data
given in Tables 1, 2. The measurement error of the thermal
conductivity coefficient of the reference liquids did not ex-
ceed 2 %, and the measurement error of the thermal conduc-
tivity of fruits and vegetables is in the range from 2 % to 4 %,
as confirmed by the measurement data given in Tables 1, 2.

The small dimensions of the measuring probes allow
measurements of the thermal conductivity coefficient of
liquids up to 200 ul and the determination of the thermal
conductivity coefficient of samples of small fruits and vege-
tables, such as strawberries or cherries. The studies showed
that the results of measuring the thermal conductivity of
fruits and vegetables are affected by their humidity, so such

studies can provide at least approximate estimates of the
thermal conductivity, taking into account the water content
of the material. It is experimentally found that the humidity
of fruits and vegetables, as well as their temperature, have
the greatest influence on thermal conductivity.

Measurement of the thermal conductivity coefficient of
solutions is affected by the dosage error of the constituent
components in the preparation of solutions and mixtures for
research.

In some solutions, heavier enzymes may settle over time,
which leads to delamination of the mixture and, consequently,
distortion of the measurement results. In such cases, it is nec-
essary to limit the time of mixture preparation for the study
and the duration of the measurement procedure. Most of these
mixtures are biological fluids, such as human or animal blood.

In the measurement of the thermal conductivity coef-
ficient of multicomponent substances, the content of each
component should be determined by introducing additional
substances to the solution which, when interacted with the
corresponding component, change the TPP of the mixture.
An example of such a study is the determination of the pres-
ence and degree of immunological response [5,7] when a
liquid allergen is added to the biological fluid (human blood
or human blood plasma), which changes the thermal conduc-
tivity coefficient of the biological fluid in the presence of the
immunological response.

The studies of the thermal conductivity of physiological
substances and foodstuffs confirm that for most of the sam-
ples studied, the thermal conductivity coefficient A increases
with increasing temperature. Exceptions are the 80 % and
96 % aqueous ethanol solutions and egg white (Table 2), in
which the thermal conductivity coefficient A decreases with
increasing temperature (empirical constant (o) is negative).

From the thermal conductivity measurements of the
solutions, it can be concluded that the content of the dis-
solved substance can be determined by the measured ther-
mal conductivity coefficient. It is found that the accuracy of
determining the volume content depends on the difference
in the thermal conductivity coefficients of the components.
In order to observe the required measurement accuracy, it
is necessary to choose a research algorithm [21], depending
on the values of the difference in the thermal conductivity
coefficients of the components.

The studies confirm the efficiency of using the therm-
istor direct heating method for measuring the thermal
conductivity coefficient of various substances — mixtures in
different temperature ranges, as well as the possibility to de-
termine the content of dissolved substance by the measured
thermal conductivity coefficient. Thus, due to the small size
of thermistor probes (Fig. 5), this method allows measure-
ments of the test substances in small volumes (Fig. 7, a, b).
The measurement procedure can take several minutes, since
the time constant of a small thermistor is several seconds.
A simple design of the device for determining the thermal
conductivity coefficient by the thermistor direct heating
method (Fig. 1) allows using the proposed method for the
simultaneous measurement of several test samples, which
significantly reduces the time of research. This is an advan-
tage of this study over similar ones.

The analysis of the given mathematical dependence of de-
termining the thermal conductivity of substances on the basis
of the obtained data of thermistor heating temperature (10)
shows that to achieve a measurement accuracy of less than 3 %
in different temperature ranges, it is necessary to provide the



same thermistor power (Fig. 2). This is explained by the nonlin-
ear dependence of the thermistor resistance on its temperature.

In further applications of the method in practice and
theoretical developments, it is necessary to take into account
the thermistor characteristics, and for each particular case,
thermistors with the corresponding characteristics in the
respective operating modes should be applied.

Thus, when measuring over a wide temperature range, it
is necessary to change the amplitude of the thermistor heat-
ing pulse and apply different thermistor modifications. For
example, for measurements at temperatures above 100 °C,
thermistors coated with a glass shell must be used.

Further investigations of other substances, mixtures,
biological and food materials should take into account not
only the problems indicated, but also the properties of the
materials themselves, especially when they change over time
or under the influence of external factors.

7. Conclusions

1. The data obtained from the studies coincide (the devi-
ation error does not exceed 2.7 %) with the data published in
the literature, and the relative error of determining the thermal
conductivity coefficient from the measurement data did not
exceed 3 %. The results of the studies confirm the possibility of
using the thermistor direct heating method for measuring the
thermal conductivity coefficient of various substances.

2. The simplicity of the measuring probe and the meter
allow the creation of simple measuring instruments for the
simultaneous determination of several samples, which sig-
nificantly reduces the time of research and, thus, improves
the measurement efficiency.

3. The mathematical dependence describing the process
of determining the TPP of substances, based on the fact that
to determine the thermal conductivity coefficient by the
thermistor direct heating method, it is sufficient to directly
measure the temperature of thermistor heating in the test
substance is proposed. The nonlinear nature of the obtained
thermistor heating dependence is taken into account, and
appropriate corrections are made when performing the cal-
culations of the thermal conductivity coefficient.

4. Measurements of the thermal conductivity coefficient
of sugar, glycerol and aqueous ethanol solutions confirm the
possibility of applying thermal control using the thermis-
tor direct heating method to determine the composition
of different mixtures. The condition for this method is the
difference between the thermal conductivity coefficients of
the constituent components of the solution. The difference in
the thermal conductivity coefficients of the solution compo-
nents will determine the error when calculating the content
of the investigated component in the mixture (solution). In
the study of multicomponent substances, the content of each
component should be determined by introducing additional
substances to the solution which, when interacted with the
corresponding component, change the TPP of the mixture.
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