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Abstract

The error of measuring the temperature of gas flows by contact methods consists of two main components: 1) the
error that occurs in the process of measuring the physical quantity into which the temperature is converted (the error
of the measuring means); 2) errors arising in the process of converting the temperature into a measured physical value
using a thermo transducer. This component of the error is completely thermal in nature and is determined by the
conditions of the thermal balance between the studied gas flow and the thermo transducer and has the greatest impact
on the overall measurement error. It is determined by the combined action of the following factors: heat transfer due
to radiation to or from the thermo transducer; heat removal from thermo transducer due to thermal conductivity; by
converting part of the kinetic energy of the gas flow into thermal energy in the wall layer surrounding the thermo
transducer; by convective transfer of heat from the wall layer to the sensitive element of the thermo transducer. Note
also that if the temperature of the gas flow is non-stationary, then due to the thermo transducer's own heat capacity, it
does not have time to register the time-varying temperature of the flow. Due to this, a dynamic component of the
measurement error arises during the measurement of non-stationary temperatures. The article investigates the
component error determined by the conditions of heat exchange between the gas flow and the thermo transducer.
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1. Definition of the scientific problem chosen for research

The main thermal influence on the thermo transducer during measurement is the gas flow, the temperature of
which must be measured. The tasks that must be solved in the process of designing a thermo transducer consist of
creating such conditions in it, under which the effect of all types of thermal effects on the sensitive element of the
thermo transducer, except for the main one, can be neglected. To solve such a problem, it is necessary to analyze each
component of heat exchange and determine the conditions under which component errors from this type of heat
exchange would be minimal. After such an analysis, during the construction of the thermo transducer, it is necessary
to fully use all the possibilities of reducing each component error.

2. Analysis of recent publications and studies related to this problem

It is practically impossible to study the cumulative effect of all thermal factors on thermo transducer, since their
theoretical assessment in most cases is only approximate, and some can only be determined experimentally.
Therefore, for the analysis of all components of the error, the thermo transducer for measuring the temperature of gas
flows is presented in the form of three serially connected subsystems: gas dynamic, thermal and electrical [1]-[4].
Such a representation makes it possible to optimize the error components of each subsystem, and to determine the
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total measurement error as a superposition of these components. The gas dynamic subsystem converts the temperature
of the gas flow entering the thermo transducer into the braking temperature at the entrance to the thermo transducers
braking chamber. The optimization of the gas-dynamic subsystem and the error component arising in it are studied in
detail in [4]. The thermal subsystem converts the braking temperature into the temperature of the sensitive element
and is characterized by components of error from heat exchange due to thermal conductivity in the design elements of
the thermo transducer, heat exchange by radiation in the braking chamber, and convective heat exchange with the gas
flow [5]. The electrical subsystem converts this temperature into an output signal recorded by a measuring device. It
should be noted that the measurement of the temperature of gas flows is classified as a special measurement and
therefore there is not a large number of publications on this subject.

3. Formulation of the purpose of the article

The purpose of the study is to optimize the thermal subsystem to minimize the error components arising from the
heat exchange conditions between the studied gas flow and the thermo transducer.

To achieve this goal, it is necessary to carry out theoretical and experimental studies of the components of the
measurement error of the gas flow temperature due to heat transfer associated with heat conduction in the design
elements of the thermo transducer, heat exchange by radiation in the braking chamber and convective heat exchange
with the gas flow, and to analyze the algorithm for their minimization during the development of the thermo
transducer design.

4. Presentation and discussion of research results

The heat exchange of thermo transducers intended for measuring the temperature of gas flows is caused by heat
exchange due to the thermal conductivity of the sensitive element with the design elements of the thermo transducer,
heat exchange due to radiation with the inner surface of the braking chamber of the thermo transducer and convective
heat exchange with the examined gas flow. It should be noted that individual dependencies, which describe the
influence of factors on heat exchange conditions, are approximate in nature. Therefore, an analytical study of the
cumulative effect of the main factors on the overall measurement error is impossible from a practical point of view.
Based on the above, we will analyze each component of the error separately with the assumption that the remaining
components are absent. In this case, the total measurement error can be interpreted as a superposition of component
errors.

4.1. Mathematical model of thermal subsystem

The mathematical model of the thermal subsystem corresponds to the mathematical model of the heat exchange
of the sensitive element, which should be composed taking into account its thermal interaction with the design
elements of the thermo transducer, surrounding objects and gas flow, as well as the possible presence of internal heat
sources.

When developing a mathematical model of the thermal subsystem of the thermo transducer, it can be considered
as a homogeneous isotropic body. For such conditions, the mathematical model of heat transfer can be presented in
the form of the Fourier equation of unsteady thermal conductivity [6]:

¢, (T) ‘;—T = div[A(T) grad(T)] + o, 1)

where C,, A is the volumetric heat capacity and thermal conductivity of the materials of the sensitive element,
respectively; div and grad are divergence and gradient operations;  is distribution function of energy sources over
the volume of the thermo transducer.

For certain defined temperature intervals AT, it can be assumed that for a specific material the coefficients Cy (7)
and A(7) are independent of temperature. Then equation (1) will become linear and take the form:

aT i 1
= a div(gradT) + el 2)

where a is the coefficient of thermal conductivity of the material of the sensitive element.
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Equation (2) is a generalized mathematical model of the thermal subsystem of the thermo transducer. As
indicated above, the heat exchange of the thermo transducer for measuring the temperature of gas flows is due to heat
exchange through the thermal conductivity of the sensitive element with the structural elements of the thermo
transducer, radiation heat exchange with the inner surface of the braking chamber and convective heat exchange with
the gas flow. Let’s consider methods of influence on component errors caused by each of components of heat
exchange.

4.2. Error component due to heat transfer associated with thermal conductivity

When measuring the temperature of gas flows, thermo transducers must be fixed in a certain way in some fittings
(pipelines, tanks, etc.), the temperature of which, in general, differs from the temperature of the gas flow. As a result,
the temperature distribution along the length of the thermo transducer will be uneven. Due to heat dissipation through
the thermo transducer housing and connecting or thermoelectrode conductors, the temperature of the sensitive
element t,, will differ from the actual temperature of the gas flow t,.

Quantitative assessment of this phenomenon can be obtained from the analysis of the heat balance of the thermo
transducer when only the convective heat flow acts on the sensitive element and the heat is removed to the place of
attachment. The influence of heat removal on the temperature of the sensitive element of the thermo transducer can be
considered as a process of heat exchange between the gas flow and the thermo transducer, made in the form of a
homogeneous rod, which is fixed on the wall of the armature with a temperature of t,,.

When building a mathematical model, we make the following assumptions:

o the thermal effect of the sensitive element on the design elements of the thermo transducer is not taken into
account;

o the thermal contact of the end surface of the sensitive element with the fastening elements is absolute, that is,
there is no thermal resistance;

o the temperature change of the thermo transducer (rod) t(x) in the radial direction is not taken into account, but
remains constant only along its axis and in each cross section.

The heat exchange equation for such thermo transducer is:

d?t(x)
5 =Vt~ ()] =0, @3)
where v2 = alU/(AS); a is full coefficient of heat exchange between thermo transducer and flow; U and S are the
perimeter and cross-sectional area of the thermo transducer, respectively; A is the coefficient of thermal conductivity
of the thermo transducer material.

We assume that the heat entering through the end of the thermo transducer at x=0 can be neglected in
comparison with the heat entering through its side surface and that the temperature of the thermo transducer at x=L is
equal to the temperature of the wall t,:

dty(x)

™ =0atx=0; t=t,at x=L. 4)

Assuming that the coefficient v does not depend on the temperature of the flow and the coordinate x, taking into
account (4) we obtain:

to—te(x) _ ch(vy)
to—tw  ch(vy)’ ®)

The component of the measurement error At, due to heat removal associated with thermal conductivity when
placing a sensitive thermo transducer element at the point x=0 (for example, a thermocouple junction) will be
determined by the following dependence:

At, =t —ty = -2, (6)
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where u=vL = L\/?—Z. )

Expressing U and S in terms of the thermo transducer diameter d, we obtain:

At =t —ty = ——— (8)
ch(L) a
Equation (8) is the starting point for estimating the component error of gas flow temperature measurement from

heat exchange due to thermal conductivity.

4.3. Methods of influence on the error component due to heat exchange associated with thermal conductivity
It can be seen from equation (8) that the value of this error component can be reduced in the following ways:

e by reducing the temperature difference (tg — t,);

¢ by increasing the immersion depth L of thermo transducer in the gas flow;

e reducing the diameter of thermo transducer, thermoelectrode and connecting conductors, as well as choosing
them with low thermal conductivity;

¢ by increasing the coefficient of convective heat transfer from the gas flow to the sensitive thermo transducer
element.

It is practically difficult to reduce the temperature difference (t, — t,). Basically, this can be achieved only due to
electric heating of the wall on which the thermo transducer is fixed. Such a measure makes it possible to almost
completely eliminate the error component from heat exchange due to thermal conductivity, but it is associated with
great operational difficulties.

The temperature t,, is determined by the interaction of the protruding part of the thermo transducer with the
external environment in which it is installed. Since the temperature t,, depends on the intensity of heat exchange of the
protruding part of the thermo transducer, located outside the gas flow, with the environment, it is necessary to design
the protruding part as small as possible and heat-insulate it from the environment. Such thermal insulation can be
achieved by placing between the wall and the thermo transducer body gaskets made of material with low thermal
conductivity (for example, textolite, glass textolite, asbestos cement, etc.) or by placing non-thermally conductive
screens around the protruding part of the thermo transducer.

The immersion depth L of the thermo transducer in the gas flow can be changed most freely. This depth of
immersion should be as large as possible. But even with a large depth of immersion of the thermo transducer, the
temperature of the protective case will differ slightly from the temperature of the gas flow due to the influence of
radiation and the conversion of part of the kinetic energy into thermal energy. That is, by changing the immersion
depth of the thermo transducer, you can only weaken the heat dissipation through the case.

Let’s consider the influence of the depth of immersion on the readings of the thermo transducer, the design of
which is schematically shown in Fig.1,a. The housing of the thermo transducer is made of stainless steel of the
12X18H10T brand, for which the coefficient of thermal conductivity A=26 W/(m-K). The immersion depth was L;=
100 mm and L,= 20 mm. A thermocouple with a nominal static characteristic of type K according to [7] served as a
sensitive element. At L, = 100 mm, the error from heat dissipation along the body for the temperature of the gas
medium t = 1000 °C was ~3%, and at L, = 20 mm, this error increased to = 7% (Fig.1,b).

To reduce the error, it is advisable to use thermal electrodes with low thermal conductivity. This makes it
possible to produce thermo transducer of any design rather compactly. This especially applies to thermo transducers
with a longitudinal flow around the sensitive element, since it is more difficult for them to provide a sufficient depth
of immersion that would guarantee minimal errors from heat removal due to thermal conductivity.

During the flow of a gas stream around a solid body, a wall layer is formed near its surface, within which the
velocity of the medium decreases from a value equal to the velocity of the oncoming stream to zero. The amount of
heat transferred from the medium to the solid body will be determined by the convective heat transfer coefficient ¢,
which depends on the Reynolds criterion, the geometric parameters of the thermo transducer and the parameters of
the gas flow.
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Fig.1. Calculation scheme (a) and dependence (b) of thermo transducer readings on flow temperature
for different immersion depths: 1 — L=100 mm; 2 — L=20mm.

According to the results of many studies [2], [8] and according to the authors’ research, at subsonic flow
velocities in the range of Re change from 100 to 10,000, the following empirical dependencies characterizing the heat
exchange between the thermo transducer and the gas flow can be recommended:

o for round cylindrical thermo transducers that are transversely washed by the flow
Nu = (0.44 + 0.06)Re®, 9)
¢ and for longitudinal flow
Nu = (0.085 + 0.009)Re®%™, (10)

Dependencies (9) and (10) cover the temperature range from 15 to 1620 °C and Mach numbers M from 0.015 to
0.9. These data can be used during the synthesis of thermo transducer with braking chambers, in which the gas flow
rate always corresponds to the number M<1.

The value of the heat transfer coefficient « can be adjusted by changing the diameter of the thermo transducer
and the flow rate inside the braking chamber. But the coefficient « can vary within relatively small limits, since a
decrease in the diameter of the thermo transducer leads to a decrease in its mechanical strength, and an increase in the
speed in the braking chamber will lead to an increase in the speed error due to the incomplete conversion of the
kinetic energy of the moving gas into thermal energy in the wall layer surrounding the sensitive element of the thermo
transducer, which is the main one for the gas dynamic subsystem of thermo transducer [4]. So, there is a certain
optimum for the resulting action of the specified factors.

The results of theoretical calculations show that with a decrease in the Reynolds number (and, accordingly, with
a decrease in the intensity of convective heat exchange), it is necessary to increase the depth of immersion of the
thermo transducer in the gas flow. The recommended ratio L/d can be in the range from 20 to 50 and is sufficient to
almost completely eliminate the error from heat dissipation.

Typical designs of thermo transducer for reducing the heat dissipation from the sensitive element are shown in
Fig.2. In the thermo transducer shown in Fig.2,a the length of the working part is equal to 50 diameters of the
thermoelectrodes, which ensures the weakening of heat dissipation from the case.

The presence of holes with a sufficiently large distance from the junction of the sensitive element in the thermo
transducer shown in Fig.2,b, increases the conditional depth of immersion, which is especially important in conditions
of limited working space for installation of thermo transducer. As a rule, such a thermo transducer is suitable for
operation only in the absence of heat exchange by radiation, since its design does not provide for shielding. In the
thermo transducer of this design, the error from heat dissipation is reduced due to the fact that the gas flow moves
around the thermoelectrodes of the thermocouple over a sufficiently large gap from the junction to the output holes.
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Fig.2. Typical designs of thermo transducer for reducing heat dissipation due to thermal conductivity.

4.4. Error component due to heat exchange from radiation

During the analysis of heat exchange due to radiation, it was assumed that only two types of heat exchange
(i.e. convective and radiation) take part in the heat balance of the thermo transducer.

When the gas stream flows around the sensitive element of the thermo transducer due to convective heat transfer
from the stream to the surface, it receives the amount of heat Q; per unit of time, which is determined by the
expression:

Qi=aF(th—ty), (11)

where F is the surface area of the thermo transducer part immersed in the gas flow.
This effect of gas flow on thermo transducer is a beneficial effect.

The value of the heat flow Q,, which is given off by the surface of the immersed part of the thermo transducer by
radiation heat exchange with the surfaces of the walls surrounding the flow, is determined by the dependence:

0 = (20) - ()} 12

3 100 100

where o is Stefan-Boltzmann constant; & is total coefficient of blackness of the thermo transducer surface; § is the
coefficient of reduction of heat losses by radiation due to gas flow around the thermo transducer; 7;, T, are
respectively, the thermodynamic temperatures of the sensitive element of thermo transducer and the surrounding
walls.

Solving equations (11) and (12) assuming that there are no heat losses due to reasons other than radiation, we
obtain the dependence for determining the component error due to radiation:

—p g, = O [(2) _(Tw)?
Aty =t —ty = af (100) (100) ] (13)
4.5. Methods of influence on the error component due to heat exchange due to radiation

It can be seen from equation (13) that the component of the error due to radiation can be optimized by changing
three parameters: the total blackness coefficient ¢, the convective heat transfer coefficient aand the temperature of
the surrounding walls T7,,.

To reduce the component error At,., it is advisable to use thermoelectrode and structural materials with a low and
stable blackness coefficient under different external conditions. But in these conditions, the designer is very limited in
his choice, since there are other no less important requirements for thermoelectrode and construction materials
(sensitivity, refractory, elasticity, etc.), which are not always consistent with the requirement of a low and stable value
of the blackness coefficient. However, even in these cases, the radiation error can be reduced by coating the base
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material with metals with a low blackness coefficient, such as silver (0.05), gold (0.05), or platinum (0.18). It is
shown in [5] that when using such coatings, the error due to radiation can be only 13% of the error that occurs for
similar conditions in a structure without a coating. The disadvantages of coatings include the fact that they break
down over time and lose their effectiveness.

As for the increase in the convective heat transfer coefficient ¢, all the judgments given above are valid here,
according to which the heat transfer coefficient can vary within relatively small limits.

The main means of influencing the error component caused by radiation is an increase in the temperature of the
wall t,. When the temperatures of the gas flow and the walls are equal, losses due to radiation are completely
excluded. However, it is very difficult to practically implement this condition. To reduce the difference between the
temperature of the walls and the temperature of the gas flow, thermal insulation of the walls is sometimes used, but
most often the reduction of the influence of cold walls is achieved by effective shielding of the sensitive element with
one or more screens. Protective screens must be installed between the sensitive element of the thermo transducer and
the walls. A sensitive element protected by a screen will lose less heat than without a screen and its temperature will
be closer to the temperature of the gas flow. If there are cold walls, the screen participates in radiation heat exchange
with them, and the sensitive thermo transducer element interacts with the screen.

The summary of heat transfer by radiation in shielded thermo transducers with longitudinal and transverse gas
flow, the issue of calculating the number of screens necessary so that the radiation error component does not exceed
the specified value, as well as precautions that must be taken into account during the design of shielded thermo
transducers are described in detail in [5].

It should be noted that not all complications created by radiation exposure can be eliminated by only installing
additional screens. If the gas flow rate is very low or if there are rather strict requirements for measurement accuracy,
then the number of necessary screens will increase significantly, the design of the thermo transducer will become
cumbersome and in most cases it will be practically impossible to implement. In such cases, it is possible to
recommend the use of electric heating of the internal screen or to increase the flow rate of the gas flow inside the
thermo transducer between the screens using external devices (suction pyrometers). But when using external suction,
it is necessary to consider the possible increase in speed error.

5. Conclusion

The analysis of the mathematical model of the thermal subsystem of the thermo transducer for measuring the
temperature of gas flows shows that the heat exchange in the subsystem is carried out through the thermal
conductivity of the sensitive element with the structural elements of the thermo transducer, radiation with the inner
surface of the braking chamber and convective heat exchange with the gas flow. The article describes the methods of
influencing the component errors caused by each component of heat exchange. To reduce the component error due to
heat exchange associated with thermal conductivity, it is advisable to use the following methods: reduce the
difference between the temperatures of the gas flow and the surrounding walls, in which the thermo transducer is
placed; increase the depth of immersion of the thermo transducer in the gas stream; reduce the diameter of thermo
transducer, thermoelectrode and connecting conductors, as well as choose them with low thermal conductivity; to
increase the coefficient of convective heat transfer from the gas flow to the sensitive element of the thermo
transducer. The reduction of the component error due to heat exchange due to radiation is carried out by changing the
total blackness coefficient, the convective heat transfer coefficient and the temperature of the surrounding walls.
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OnTumizanis TenaI0BoI MiACHCTEMH TePMOIIEPEeTBOPIOBAYiB
JJIsi BAMIPIOBaHHS TeMIIEPATYPH ra30BUX MOTOKIB

Bacwip ®enunenp, Irop BacunbkiBebkuii

Hayionanvuuii ynisepcumem «Jlvgiecoka nonimexuixay, eyn. C. banoepu, 12, m. Jlvsis, Yrpaina

AHoTanis

IMoxnOka BUMipIOBaHHS TeMIIEpaTypH ra30BUX MOTOKIB KOHTAKTHUMH METOJAMHU CKJIAIAETHCS 13 TBOX OCHOBHHUX
CKJIQIOBHX: 1) MOXMOKH, 110 BUHHUKAE B IIPOIIECi BUMIPIOBaHHS (Di3WYHOI BEIMYMHM, B SIKY IEpPETBOPEHA TEMIIEPATYpa
(moxuOka 3aco0iB BUMIipIOBaHHs); 2) MOXHOKH, 10 BUHMKAE B MPOLECI IEPETBOPEHHS TEMIEpaTypH y BUMIpPIOBaHY
¢isnyHy BenmuuHY 3 AomoMororo TepmoreperBoproBada (TII). Lls ckmagoBa moxmOKM Mae TOBHICTIO TEIUIOBHN
XapakTep 1 BU3HAYAETHCS YMOBAMH TEIIOBOIO OalaHCy MK IOCTIIKyBaHMM Ta3oBuMM moTokoM i TII Ta mae
HaWOUIbIINKA BIUIMB Ha 3arajbHy MOXHOKY BHMIpIOBaHHsA. BOHA BH3HAYa€ThCSl CYKYITHOIO JI€I0 TAaKUX YHHHHKIB:
TEIUIOBIAUCI0 Yepe3 BUIIPOMIHCHHS [0 TEPMOINEPETBOpIOBada abo0 BiJA HBOrO; TEIUIOBIABCICHHIM Bij
TEpMOIIEPETBOPIOBaYA 33 PAXyHOK TEIUIONPOBLIHOCTI; IIEPETBOPEHHSIM YaCTHHH KIHETHYHOI €HEprii ra30BOro MOTOKY
B TEIJIOBY B MPUCTIHHOMY IIapi, IO OTOYYE TEPMOIIEPETBOPIOBAY; KOHBEKTHBHHUM IIEPEHECEHHSM Terla i3
NPUCTIHHOTO MIapy OO 4YyTIMBOIO €JieMEHTa TEePMOIEPEeTBOpIOBava. BinMITUMO Takok, MO SKIIO TEMIepaTypa
ra30BOr0 MOTOKY € HECTAI[lOHAPHOIO, TO 3a PaXyHOK BJIACHOI TEINIOEMHOCTI TEpPMONEPETBOPIOBaYa BiH HE BCTHIAE
peecTpyBaTH 3MiHHY B 4aci TeMIlepaTypy IOTOKY. 3a paxyHOK LOTO IIJI 4ac BHMIpIOBAHHsS HECTAI[lOHAPHUX
TeMIlepaTyp BHHHUKA€ JMHAMIiYHAa CKJIaJloBa NMOXMOKHM BHMIPIOBaHHs. B cTaTTi MpoBeneHO AOCIIKEHHS CKIaI0BOi
MOXMOKH, 110 BU3HAYAETHCSI YMOBAaMH TEIUIOOOMIHY MiXk I'a30BHM IIOTOKOM 1 TEpMOIIEPETBOPIOBAYEM.

Koarouosi ciioBa: Temmeparypa; ra3oBHi MOTIK; MOXHOKa BUMIPIOBaHHS; TEPMOIIEPETBOPIOBaY; ONTHMI3alis.



