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AIR-PERMEABLE HEAT FLOW AND TEMPERATURE SENSOR

Ua

B po6oTi po3risiHyTI HUIIXH NOOYAO0BU JTaTUYMKIB TEIJIOBOTO MOTOKY Ta pO3po-
0JIeHa KOHCTPYKL1S MMOBITPOIPOHUKHOTO JaTYMKa TEIJIOBOIO MOTOKY Ta TeMIlepa-
Typu. [Ipuniun aii naTumka 6a3yeTbcsi Ha BUMIPIOBaHHI Pi3HHIII TEMIIEpaTypH 3a
JIOTIOMOT'OF0 JIBOX IEPETBOPIOBAYIB TEMIIEpaTypH, PO3MIIICHUX Ha (DiKCOBaHIN Bi-
ncradi. [lepeBaroro 3arpornoHOBAaHOTO TaTYMKA € MOKIIMBICTh OJJHOYACHOTO BUMi-
PIOBaHHS TEIJIOBOrO MOTOKY Ta TeMIepaTypu 0e3 3aCTOCYyBaHHS JOJATKOBUX Ile-
PETBOPIOBAUiB, @ TAKOXK TOBITPO- Ta BOJOTOMPOHUKHICTH, IO € KPUTUIHUM TPU
BHUMIPIOBaHHI MapaMmeTpiB OiojoriyHux o0’ekTiB. KoHCTpyKiis natdymka po3po0-
JIeHa 3 YpaxyBaHHSIM MOKJIMBOCTI 00’ €THAaHHS OKPEMUX JATYUKIB B €IUHY MaTpHU-
110 HeoOX1AHOT KoH(Iryparii

JUist 3aIpOTIOHOBAHOTO JJAaTYMKA po3po0JIeHa TErIoBa MOJENb, 0 MoXe OyTh
BUKOPUCTaHA JJIS 1HKEHEPHUX PO3pPaxyHKIB HOro mapamerpiB, AOCIIKEHHS MET-
POJIOTIUHUX XapaKTEPUCTHK Ta aHaNi3y HUIAXIB MiJABHIICHHS TOYHOCTI BUMIpIO-
BaHb.

[IpoBesneHi MoCHiHKEHHS TMOBHICTIO MIATBEPAMIN aJCKBATHICTH PO3POOIICHOT
TEIUIOBOI MOJIeJIi Ta POOOTO3/1aTHICTh 3aIIPOIOHOBAHOT KOHCTPYKIIII JaTUHKA.

The paper considers ways of designing heat flow sensors and developed the de-
sign of an air-permeable heat flow and temperature sensor. The operating principle
of the sensor is based on measuring the temperature difference using two tempera-
ture transducers placed at a fixed distance. The advantage of the proposed sensor is
the possibility of simultaneous measurement of heat flow and temperature without
the use of additional transducers, as well as air and moisture permeability, which is
critical when measuring the parameters of biological objects. The sensor is de-
signed taking into account the possibility of combining individual sensors into a
single matrix of the required configuration.

A thermal model has been developed for the sensor, which can be used for en-
gineering calculations of its parameters, research of metrological characteristics
and analysis of ways to improve the accuracy of measurements.

The research fully confirmed the correctness of the developed thermal model
and the operability of the proposed sensor design.

Introduction

One of the most essential characteristics of the correct functioning of var-

ious biological and technical objects is their thermal regime. In most cases, the
temperature at the surface or at characteristic points of the object is used to esti-
mate it. However, in the presence of heat sources in the object, a more complete
characteristic can be given by the heat flow emitted by the object.
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Currently, a fairly large number of heat flow meters are produced for the
study of various enclosing structures in the construction industry. At the same
time, obtaining such information for biological and complex technical objects is
limited by insufficient development of special equipment for measuring heat
flowers, in particular, due to the lack of required heat flow measuring sensors.
Therefore, the development of such sensors is a rather urgent and promising
task.

The problem formulation

To measure the heat flow, two main methods are used: optical and the
measurement method using heat flow sensors.

Heat flow sensors can be divided into two classes:

— sensors measuring the heat flow by the emerging thermal EMF;
— sensors that measure heat flow by temperature difference using temperature
Sensors.

Typical heat flow sensor of thermal EMF consists of two substrates on
which thermoelectrodes are located (as usual, film). An electrical contact is
made between the thermoelectrodes of the two substrates. Due to the tempera-
ture difference between the thermoelectrodes, a thermal EMF is generated,
which is proportional to the heat flow through the sensor. These sensors are ad-
jacent to gradient sensors, in which the EMF arises due to the presence of a tem-
perature gradient in the substance of the sensor [1, 2].

Sensors measuring heat flow by temperature difference have a similar de-
sign. They consist of one or two substrates, which are used to fix the tempera-
ture sensors at a distance. The value of the heat flow in such sensors is deter-
mined as a result of measuring the temperatures t, and t, by two temperature

sensors located at a distance x perpendicular to the heat flow source:
t -t
P=-A1—-2S, (1)
X

where A — coefficient of thermal conductivity, W/m-K;

S — area through which heat flow passes.

Thermocouples and semiconductor sensors are usually used as tempera-
ture transmitters [3-5].

Usually the researcher is interested in both the heat flow and the tempera-
ture. Therefore, a complex sensor is required to measure both quantities. When
using heat flow sensors based on the effect of the appearance of a thermal EMF
a temperature sensor is additionally built in them, which complicates the design
of the sensor. In this case, it is simpler to use sensors that measure the heat flow
from the temperature difference. But such sensors are not mass-produced, which
leads to the need for their development.
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It should be noted that the study of heat flows of biological objects using
heat flow sensors has significant features associated with the fact that they
should not disrupt natural heat exchange with the external environment and, in
particular, the mode of moisture evaporation from the surface of the object un-
der study, i.e. be air-permeable. In addition, since biological objects, especially
warm-blooded ones, can have a number of localized heat sources, it is needed to
use not a single sensor, but a matrix of sensors covering the required area and al-
lowing them to be located on a surface of a complex configuration. The same
requirements can be imposed on a number of technical objects, the functioning
of which is associated with similar heat transfer processes. Existing heat flow
sensors cannot provide air permeability and sectioning.

The purpose of this work is to develop and study a heat flow and tempera-
ture sensor using the determination of its value from the temperature difference
measured by two sensors.

When developing the design of a heat flow and temperature sensor, it is
necessary that it, if possible, have a minimal effect on the thermal regime of the
object surface and meet the following requirements:

— air permeability;

— moisture permeability (for water vapour);

— mechanical strength;

— no longitudinal and transverse stretching;

— the possibility of combining individual sensors into a matrix of arbitrary di-
mensions (to study the distribution of heat flows and temperatures);

— electrical insulating properties that provide an insulation resistance of at least
5 megohm at a temperature of at least 40°C and relative humidity up to 80 %.

Development of heat flow sensor design

To build a heat flow sensor based on the selected method, it is necessary
to fix two temperature sensors in its body at a distance from each other so that
during measurement they are perpendicular to the heat flow source.

In accordance with the requirements put forward, a sensor design was de-
veloped, which cross-section is shown in Fig. 1.

The heat flow and temperature sensor is a square made of double-sided
foil-clad fiberglass, in the centre of which a hole is drilled. In the centre of the
hole on each side of the heat flow sensor there is one temperature sensor, which
pins are soldered to the foil on fiberglass. For the possibility of connecting the
sensors to each other using flexible connecting elements (for example, threads),
4 holes are drilled in the corners of the square. This makes it possible to form a
matrix of the required dimensions from individual sensors.
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Fig. 1. Design of the heat flow sensor

The proposed sensor design is air and moisture permeable. Electrical insu-
lation is provided by applying an epoxy electrical insulating varnish to the con-
tact connections of the diodes after assembly and soldering of the lead wires.

The experimental prototype from a double-sided foil fiberglass with a
thickness of 5,75 mm, in which centre a hole with a diameter of 3 mm was
drilled was made for research.

The analysis carried out in [5] shows that achieving high technical and
economic characteristics is possible when using semiconductor measuring sen-
sors based on commercially available diodes and transistors for temperature
measurement, in particular, rectifier diffusion silicon diodes of low power
2D104A in a plastic case with dimensions of 2x2x3 mm. In the same source, a
model was proposed for the temperature dependence of the voltage across the p-
n junction when measuring the temperature along the straight direction of the
current-voltage characteristic, which makes it possible to obtain temperature de-
pendence close to linear in a rather wide temperature range with high stability.

Therefore, in the experimental prototype of heat flow sensor, two 2D104A
diodes were used as temperature sensors.

Development of a thermal sensor model

To analyse the properties and optimize the parameters of the developed
sensor, it is necessary to develop its thermal model. To do this, you need to
mathematically pose the problem and find a particular solution of the main equa-

tion [6]:
ot o't ot 0%
Cp’_:qV""}‘(@Xz—"a,z_'_azzj’ (2)
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: J
where ¢ — heat capacity of matter, ;
kg -°C

_ ki
p — density of matter, m—g3 ;

t — temperature, °C;
T —time, s;
gv — volumetric power of heat sources, that is, the amount of heat released

: : : W
in volume per unit of time, —;
m

A — coefficient of thermal conductivity, mWO C ;

X, Y, Z — coordinates.

When setting the problem, it is necessary to fix a certain geometric shape
of a heat-conducting body, its physical properties and, in addition, to set bound-
ary conditions. The boundary conditions include the initial temperature distribu-
tion (time boundary condition) and boundary conditions (spatial boundary con-
ditions).

When making measurements with this sensor, it is assumed that the tem-
perature of the investigated object and the ambient temperature are constant and
do not change during the measurement time. Therefore, the sensor is in station-
ary temperature conditions.

The performed analysis showed that to construct a thermal model of a
heat flow and temperature sensor, it is convenient to set the boundary conditions
of the first kind. For stationary temperature conditions, setting the boundary
conditions of the first kind will consist in setting the temperature at the boundary
of the object under study and the sensor on the one hand and the temperature at
the border of the sensor and the environment on the other hand.

This sensor has two sensitive elements - diodes (Fig. 1). One of them is in
direct contact with the surface of the object under study (let's call it the 1st di-
ode), the second is located at a distance from it (the 2nd diode). Heat transfer to
each of them occurs in different ways. Let's consider the main ways of transfer-
ring heat to each of the diodes.

At temperatures in the range of +10 ...+100°C, heat transfer by radiation
is small and can be ignored. Heat transfer by convective heat exchange through
an opening in the sensor body is also negligible. The decisive factor in heat
transfer to the diodes of the sensor is thermal conductivity [6].

Since the sensor is in stationary temperature conditions, stationary thermal
conductivity takes place.

The transfer of heat to the diode can be thought of as transferring heat
through a set of flat plates of different thicknesses. If we exclude the narrow
zone bordering the plate at the ends, then in practice, the temperature inside the
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plate can be considered to vary only along its thickness d, i.e. classify the

problem as one-dimensional (the temperature changes along the x coordinate,
there are no y and z coordinates). Since there are no heat sources inside the sen-

: : .. ot
sor, we take g,=0 and, by the stationarity condition 8_20' Let us set the
T

boundary conditions of the first kind:

— at x=0: t=t;;
— at x=3§,: t=t,.
That is, the temperature on one surface of the plate is t,, and on the se-
cond —t,.
Then from (2) we obtain:
t:tl+t2_t1x. 3)

pl

Thus, a consequence of the assumed assumptions is the linear nature of

the dependence of the temperature on the coordinate inside the plate (with the
plate thermal conductivity A =const ).

Let's calculate the amount of heat passing through the plate.
Considering that the temperature depends only on the x coordinate, and

that %:ﬂ, we obtain an expression for the amount of heat passing
X
pl
through the entire plate:
A
Q=-(t,-t,)-S, T, (4)

pl
where S | — plate surface area.

The last expressions can be directly generalized to the case of a multilayer
plate composed of homogeneous plates with thicknesses §,,5,,...,8, and the

corresponding heat conductivity coefficients A, A,,..., A,. Calculation of heat

transfer through an air gap can be done in the same way as calculation of heat
transfer through a plate.

This result allows you to calculate the heat transfer from an object with a
known temperature to a diode at a known ambient temperature.

Heat is transferred to the first diode directly from the investigated surface,
as well as through the varnish — solder — diode leads. Since the first diode is in
direct contact with the investigated surface and measurements are carried out af-
ter reaching a stationary temperature regime, its temperature can be taken equal
to the temperature of this surface.

Heat is transferred to the second diode through a hole in the sensor body
filled with air, as well as through the circuit of varnish — solder — foil — body —
foil — solder — diode leads.
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An expression was obtained that relates the temperature t, of the second
diode with the temperature t, of the object under study, the ambient temperature
t.w, (L >t ) and the parameters of the sensor when transferring heat through
the hole (air gap) in the sensor body.

A (8,428, +3 )+2('dj(dd)2(x _a,)
d h f S 3r2 2 2 a d

4 (1,)(d, )
g (Bn +28, +85)+3r2(;j( 2") (A, —2ny)

From expression (5) it can be seen that the value of the temperature t, of
the second diode depends on the parameters of the sensor: the thickness &, of
the sensor body (in this case, it is fiberglass), the thickness of the foil layers &,
and solderd, , the radius r of the hole in the sensor body, the geometric dimen-
sions of the diodes (length I, and diameterd, ), as well as thermal conductivity
L, of the substance (compound) of the diode body and thermal conductivity A
of air.

1:2:':1_ '(ti_tamb)' (5)

Also, an expression was obtained that connects the temperature t,” of the

second diode with the temperature t; of the object under study, the ambient tem-
perature t,.., (t,>t,, ) and the parameters of the sensor when transferring heat

through the circuit of varnish — solder — foil — body — foil — solder — diode leads.
d d

A,-S,  2h,-S,
25, 25, 43, 25,
+ + +
A S, 2h.-S, A (bc—mr?) A, (bc—nr?) 6
t2 _tamb+(t1+tamb) . ( )
2.0,062-%,-IPr- |-2(a+8)
L
chi |,
A a9,

From expression (6) it can be seen that the temperature of the second di-
ode depends on the thicknesses 3§, ,85,,8,,8, and the thermal conductivities

Ao Ay Aq, A, Of the layers of varnish, solder, foil and body (fiberglass), the are-
as of the varnish layers S , solder S_, sizes of sides b and c of the sensor, the ra-
dius r of the hole in its body, from the length I, the width a, the thickness 8,
and thermal conductivity A, of the diode leads, and also from the thermal con-
ductivity A, of air, the viscosity v and speed o of the ambient air, Pr and t,
number Pr.
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Research of heat flow and temperature sensor

When determining the value of the heat flux with this sensor, it is as-
sumed that the heat from the object is transferred to the second diode through
the hole in the body and in formula (1), the cross-sectional area of the hole is
substituted as the area, and the thermal conductivity of the air filling this hole is
substituted as the thermal conductivity.

Thus, the heat transfer through the sensor body and its terminals is not
taken into account when determining the heat flux values, which leads to an er-
ror, the value of which depends on the temperature difference t, and t,". Let us
write the last expression, taking into account the error due to heat transfer
through the sensor body and the diode leads:

—(t, +At,)

t
P+AP =2, - s, (7)
X

where At,=t, —t; — absolute error in measuring the temperature of the second

diode due to additional heat transfer through the leads;
x — distance between diodes.
Then the expression for the relative error in determining the heat flux vy,

due to additional heat transfer through the sensor body and the diode leads can
be written as:

AP t,-t; 3
P (tl _tz) | ( )
The error y, does not depend on the change in the ambient air tempera-
ture and at a typical value of the object temperature t,=34°C and the ambient
temperature t,,, =20°C its value is —1,6%.

The analysis showed that at small values of the body thickness, the tem-
perature rise t; over the temperature t, is more significant and decreases with

increasing §,. Consequently, the value of the error in determining the heat

flux vy, decreases with increasing &, which is confirmed by the graph in Fig. 2.

Moreover, in the section from 2 to 4,5 mm, the change in the error occurs espe-
cially quickly, and at large values of §,, the change is smoother. This allows us

to recommend values greater than 4,5 mm for the selection of the sensor body
thickness, which will reduce the error due to heat transfer through the body.

The value of the heat flux measured with this sensor is determined by the
temperature of the second diode and depends on the diameter of the hole in the
converter body.

Yo =
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Fig. 2. Dependence of the error on the thickness &, of the sensor body

Fig. 3 and Fig. 4 show graphs of temperature dependences t, and t, on the
hole diameter d in the sensor bodly.
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Fig. 3. Dependence of temperature t, on the diameter d of the hole in the
sensor body
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Fig. 4. Dependence of temperature t,' on the diameter d of the hole in the
sensor housing

It can be seen from the graphs, that with an increase in the hole diameter,
the value of the temperature t; increases and the value of the temperature t, de-

creases. The increase in temperature t, is explained by the fact that with an in-

crease in the hole diameter, the area of the object that gives off heat to the air
gap increases, or, in other words, the area S increases, and the thermal resistance
of the air gap decreases. A decrease in the value of t; is explained by the fact

that with an increase in the diameter of the hole, the length of the leads located

in the air gap increases, and, therefore, the outflow of heat from them increases.
When the hole diameter is less than 4,1 mm, the temperature of the second

diode is determined by heat transfer through the body, since t, >t,. When the

hole diameter is 4,1 mm, the temperatures t, and t, are equal, and when the hole

diameter is more than 4,1 mm, the value of temperature of the second diode is
determined by the heat transfer through the air gap. Therefore, there is no error
in determining the heat flux due to additional heat transfer to the second diode at
hole diameters greater than 4,1 mm.

Thus, we can conclude that the diameter of the sensor hole should be cho-
sen at least 4,1 mm.

The temperature values of the second diode and, accordingly, the heat flux
also depend on the thermal conductivity coefficient of the sensor body, which
determines the heat transfer through the body.

Fig. 5 shows a graph of the dependence of temperatures t, and t, on the

thermal conductivity A, of the sensor body material.
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It can be seen from the graph in Figure 5 that the temperature t, increases
linearly with an increase in the value of A, and the temperature t, does not de-
pend on the value of A, .
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Fig. 5. Dependence of temperatures t, and t, on the thermal
conductivity A, of the sensor body material

At values of the thermal conductivity coefficient less than 0,185m oC
the temperature t, is higher than the temperature t, and the heat transfer to the
second diode through the air gap is greater than through the body, and the error
W

=0. At A, =0,185 ,
Yb b m ‘OC
the air gap and through the body, the second diode receives the same amount of

the temperatures t, and t, are equal, that is, through

W
heat. At values of &, more than 0,185m—OC

additional heat transfer through the body, which increases with an increase in
the value of the thermal conductivity coefficient.

At values of 4, < 0,185, the sensor will affect the object under study, mak-
ing it difficult for heat to flow out. Therefore, the optimal value of the thermal

-t,>1,, and an error occurs due to

. - : W :
conductivity coefficient of the sensor body will be 0,185m—OC . Ebonite can be

recommended as a material for the sensor body, which has a thermal conductivi-

W
ty coefficient of 0,17 )
y m-°C
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To check the results of theoretical studies of the thermal model of the
converter, two experimental samples of temperature and heat flux converters
were tested.

The experiments have confirmed that the developed sensors can be used
to measure temperature with an error of no more than 0,1°C.

Tests of the sensors in the mode of measuring the heat flux showed that
the difference between the values of the heat flux determined experimentally
and the values calculated using the thermal model does not exceed 0,85%.

Conclusions

The developed air-permeable heat flow and temperature sensors can be
used to study the thermal regimes of various objects and the proposed thermal
model of the sensor can be used for engineering calculations of its parameters,
study of metrological characteristics and analysis of ways to improve the meas-
urement accuracy.
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