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Abstract

The main types of errors which occur while measuring the temperature of gas flows, including flows of fuels, are
determined by the conditions of thermal balance at the interaction of the sensor of the temperature transducer (TT)
with the gas flow via convection, radiation and conduction. The limited TT capacity to track flow temperature
variation should also be taken into consideration. For high gas flow speeds (over 50 m/s), another type of error (the
so-called speed error) arises from the transformation of part of kinetic energy of the flow into thermal energy. A
comprehensive analytical study of the combined influence of all the major factors on the total error of gas flow
temperature measurement with a particular TT is actually impracticable, since some relationships describing the
character of influence of this or that factor can be obtained only by experiment. Therefore, in practice, each error type
is analysed separately, assuming that no other types of error occur, and the total error of measurement is regarded as
superposition of separate error types. For convenience of analysis, TT is represented as a combination of separate
units, each with its own components of the error. TT for gas flow temperature measurements appears as three units,
such as gas dynamic, thermal and electrical, connected in series. The gas dynamic subsystem transforms the
thermodynamic temperature 7(t) of the gas flow at the TT input into the deceleration temperature Tj7(t) at the
temperature sensor input and is characterized by the speed error. The defining characteristic of the gas dynamic
subsystem is the TT recovery factor, which is why the paper discusses the methods and means of ensuring the
constancy of the recovery factor.
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1. Introduction

The accuracy of gas flow temperature measurement depends not only on the errors of the measuring devices, but
also on the measurement conditions, TT installation, etc. This is due to the fact that, when using contact temperature
measurement methods, TT is in direct contact with the medium the temperature of which is being measured. In these
conditions, TT is a foreign object which, to some extent, disturbs the initial temperature field of the medium in the
place of TT installation. Any TT shows only its own temperature, or specifically the temperature of the sensor, which
in a general case differs from the deceleration temperature. The difference between the TT readings and deceleration
temperature is the error of gas flow temperature measurement. This error is determined by the thermal balance
conditions at the interaction of the TT sensor with the gas flow via convection, radiation and conduction (conductive
heat transfer). Another complication at the error evaluation is that heat-transfer properties of both thermoelectric and
construction materials are also temperature-dependent.

At high speeds of gas flow, the so-called speed error caused by the incomplete transformation of the kinetic
energy of the flowing gas into the thermal energy in the wall layer surrounding the TT sensor occurs.

When measuring temperature of the high-speed gas flow, irrespective of the actual temperature, the temperature
of the TT sensor is higher than that of the medium and the surrounding walls. As the flow temperature rises, the
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difference between the TT temperature and that of the walls will increase. Thereat, the TT sensor will be losing part
of the heat obtained from the flow.

Finally, if the flow temperature is not stationary, than the heat capacity of the sensor is the reason why the TT
lags behind in recording time variation of the flow temperature. In these conditions, the dynamic error of
measurement appears.

Therefore, radiation, conductive heat transfer, transformation of the kinetic energy into thermal energy
depending on the flow speed, as well as the limited TT capacity to monitor the flow temperature variation without lag
determine the main types of error occurring in gas flow temperature measurements. In a general case, these errors are
defined by dimensions and physical properties of the TT sensor, as well as by the physical properties and parameters
of the flow passing over the sensor.

2. Analysis of the literature

A comprehensive analytical study of the combined influence of all the major factors on the total error of gas flow
temperature measurement using a specific TT with a complex structure cannot be practically undertaken, since some
relationships which describe the character of influence of this or that factor can be obtained only by experiment. This
is due to the fact that the evaluation of the effect of various factors is always approximate. In practice, as a rule, each
type of error is analysed separately on the assumption that no other type of error occurs, and the total error of
measurement can be considered as superposition of separate error types [1-3].

Therefore, for convenience of analysis, in [4] it is proposed that TT should be represented in the form of separate
elementary units with their own transformation operators and error components. Thereat, an elementary unit is
assumed to be an aggregate of transformation means and methods combined on the basis of specific features.

Such TT representation makes it convenient to carry out a step-by-step optimization with respect to the units of
the equivalent circuit diagram. Optimality criteria, constraint functions and influencing factors can be different for
each unit.

For the gas flow TT, the equivalent circuit diagram of transformation is presented in [5] as three series units
(subsystems), namely gas dynamic, thermal and electrical. The gas dynamic subsystem transforms the
thermodynamic temperature 7(t) of the gas flow at the TT input into the deceleration temperature Tj7(t) at the
temperature sensor input and is characterized by the speed error. The thermal subsystem transforms this temperature
into the equilibrium temperature 75 ;;7(t) of the temperature sensor, which expresses its enthalpy and is characterized
by components of the error stemming from convection, radiation and conduction, and the error originating from the
sources of energy in TT. The electrical subsystem transforms the temperature 75 ;7(t) into the output electrical signal
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3. Objectives

The defining characteristic of the gas dynamic subsystem is the recovery factor of TT, and this research aims at
optimization of the gas dynamic system, which includes the determination of methods and means ensuring the
constancy of the recovery factor at interference and for the assumed restrictions.

4. Theoretical and experimental studies

The speed error At,, of gas flow temperature measurement, which is the main one for the TT gas dynamic
subsystem, is defined by the recovery factor and the gas speed near the sensor:
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where T is the deceleration temperature; ¥ is the oncoming flow speed; Cp is the heat capacity of the flow at a
constant volume.

The calculations based on the equation (1) show that, for instance, for air the value of At is 1; 2; 5; 20; 500 K
for the speeds 50; 100; 200 and 1000 m/s, respectively, and for superheated water steam Az, =0.4 K at the speed of
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50 m/s. For the flow speed below 50 m/s, Az, is relatively low, which is why during practical measurements of
temperature this speed is, as a rule, considered to be the upper limit of the range of moderate speeds.

The analysis of (1) shows that the speed error depends on the gas flow speed in the area of the sensor and TT
recovery factor which, in its turn, is determined by the flow speed, TT dimensions and design parameters.

Therefore, the optimization of the gas dynamic subsystem (speed error optimization) must include the
identification of the methods and means ensuring the constancy of the recovery factor and artificial reduction of the
speed of the sensor flow-around, as compared to the oncoming flow speed at interference and for the assumed
restrictions.

The restrictions can include the requirements to ensure the following factors:

1) optimal conditions of convective heat transfer between TT and the target medium,;
2) minimum distortion of the temperature field of the process under study;

3) TT physical and technical implementation, etc.

Thereat, the criterion of minimum speed error At,,, will be the optimality criterion.

For the optimization of the gas dynamic system, it is necessary to identify the conditions which would ensure the
minimum change of the TT recovery factor 7, i.e.

Ar =0, 2)
if there are losses and for the assumed restrictions.

To establish the requirements to the TT design which would satisfy the optimization condition, in [5] the
recovery factor was presented as a function of the recovery factors of the deceleration chamber ., and sensor r.,:
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The equation (3) shows that the more stable and closer to the unit the recovery factors of the deceleration
chamber and sensor are, the more stable the TT recovery factor is.

The optimization of the gas dynamic system requires the analysis of the TT gas dynamic characteristics. These
characteristics have been studied in a great number of researches carried out in the two following areas:

- analytical definition of the equilibrium temperature of TT which is flowed around by gas;
- experimental determination of the recovery factor.

As it was mentioned in [5], the available analytical solutions provide for evaluating the equilibrium temperature
and recovery factor only for the flat plate. For cylinder-shaped TT characterized by another type of flow-around
(stalled flow-around), the problem has no accurate analytical solution [6]. Because of this, there were experimental
studies aimed at evaluating the equilibrium temperature and recovery factor for TT devices of various shapes.

The experimental studies were carried out in the stationary flow-around conditions, as in case of non-stationary
flow-around the recovery factor is a variable whose character and value cannot be determined due to the TT thermal
inertia.

Based on the outcomes of the numerous studies [7, 8] and according to the author’s research, the following
conclusions have been made.

1. The highest and the most stable recovery factors are observed for plate sensors and those with elliptical and
round cross-section for a longitudinal flow-around. In case of a transverse flow-around, sensors with round cross-
sections have the lowest and the least stable recovery factor.

2. According to the character of the recovery factor variation in plate sensors and elliptical and round cross-
section sensors for a longitudinal flow-around, depending on Reynolds number Re and Mach number M, the
following three areas are distinguished:
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a) the laminar flow region, in which r,, is a constant value equal to 0.84. It is called the first self-similarity
region;

b) the transition region, in which r,, increases with an increase in Re and M numbers;

¢) the turbulent flow region (the second self-similarity region), in which r,, is constant and equals 0.9.

3. According to the character of the TT recovery factor variation in round cross-section sensors for a transverse
flow-around, depending on Re and M numbers, the following four areas are distinguished:

a) the region with low Re and M numbers (Re < 3000 and 0.01 <M < 0.2), in which r,, is a constant value (the
first self-similarity region);

b) the region with Re number falling into the range from 3000 to 120000 and M number from 0.7 to 1.0, where
7. Increases, as Re and M numbers increase;

¢) the region with Re number falling into the range from 20000 to 20000 and M number from 0.2 to 0.7, in
which r,. is a constant value (the second self-similarity region);

d) the region with Re > 120000 and M > 1, in which r,, increases, as Re and M numbers increase.

4. Heat transfer due to the conductance from the sensor to the fittings and the effect of the radiation between the
sensor and the protection fitting can cause a substantial distortion of the recovery factor. Therefore, at temperatures
up to 300 °C, when heat losses due to conductance and radiation are insignificant, the TT error is mainly defined by
the speed error. In this case, the recovery factor being known will allow one to make the necessary corrections
connected with the systematic error of the incomplete recovery of the deceleration temperature.

At temperatures exceeding 300 °C, the proportions of errors stemming from conductance and radiation become
commensurable with or even exceed the speed error. Due to this, the recovery factor stops being a measure of the
kinetic energy which transforms into the thermal energy. In this case, it is necessary to perform dynamic calibration
of TT by comparing its readings with the readings of the control TT at the temperatures and Mach numbers close to
or equal to those typical for TT use. If TT is designed in such a way that the error resulting from heat transfer due to
conductance and radiation between the sensor and protection fittings is insignificant, then the total recovery factor can
be evaluated using the formula (3). For example, for r,, = 0.86 and the ratio of the speeds in the deceleration chamber
V... to the oncoming flow speed V (V,../V) = 1/8, the TT recovery factor r is approximately 0.998.

Based on the above-presented conclusions, the following main requirements to the TT design have been defined,
which, if complied with, will ensure a sufficient stability of the recovery factor for the wide range of Re and M
numbers variation:

a) for plate sensors and those with an elliptical cross-section, a longitudinal flow-around of TT by the oncoming
flow should be ensured;

b) atransverse flow is acceptable for the sensors with a round cross-section;
¢) the recovery factor should be independent of Re and M numbers;
d) the sensor should be protected against heat interaction with the surrounding elements.

To comply with the requirements c¢) and d), TT sensors should be installed within the aecrodynamic chambers,
namely the deceleration chamber with the conditions corresponding to the first self-similarity region or the critical
speed chamber corresponding to the second self-similarity region, or into continuous-flow cylindrical chambers with
conditions which correspond to those at the entry into the chamber. The schematic diagrams of the aerodynamic
chambers are presented in the Fig.1 below.

In the practice of gas flow temperature measurements, M number in the chamber should not exceed 0.2, i.e. a
constant recovery factor should be ensured in the first self-similarity region.

In the experimental practice, for the artificial reduction of the speed of the flow around the sensor, TT with
deceleration chambers is the most widely used. Such a TT has a high and stable recovery factor within a wide range
of gas flow speed. The higher and more stable the recovery factor 7 is, the higher TT performance is. TT is applicable
for measuring the temperature of high-speed gas flows only if its recovery factor is a constant value within the wide
range of Reynolds and Mach numbers.
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Fig.1. The schematic diagrams of the aerodynamic chambers: a) deceleration chamber with the longitudinal flow-around and
diverging entry; b) deceleration chamber with the longitudinal flow-around and converging entry; c) transverse flow-around
chamber; d) cylindrical chamber with a constant cross-section; e) critical speed chamber

In research and experimental practice, temperature transducers with cylindrical and spherical deceleration
chambers are most widely used. Such chambers make it possible to decelerate the gas flow in the place of TT
location.

5. Conclusions

The results of the experimental studies conducted by various researchers [3, 7, 8] and by the author of this paper
showed that the recovery factor of TT with deceleration chambers is practically constant and stable within a wide
range of Reynolds and Mach numbers. The TT recovery factor at a longitudinal flow-around within a wide range of
the gas flow speed is 0.97... 0.98. At a transverse flow-around, the value of the recovery factor of TT with
deceleration chambers (for sensors with round cross-sections) is always lower than that at a longitudinal flow-around
and falls into the range 0.94... 0.95.

An important advantage of the cylindrical deceleration chamber is the fact that the TT total recovery factor in
this case is independent of the angle of attack of the oncoming flow up to £20°.

The critical speed chambers are worth using when the input process is highly non-stationary, since such
chambers ensure 1.5-2-fold inertia reduction as compared to the deceleration chambers.
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For high supersonic speeds of the oncoming flow, both critical speed chambers and deceleration chambers can
be used. Deceleration chambers must have a longitudinal flow-around, and in order to ensure the minimum flow
distortion, outflow openings must be located both on the side surfaces of the converging part of the chamber and
along the chamber axis.
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OnTumizanisa ra30AuHAMIYHOI MICMCTEMH NEPETBOPIOBAYIB IS
BUMIPIOBAHHS TeMIIePaTypH ra3oBHX NOTOKIB

Bacunps ®@enunens, Irop BacuibkiBebkui, Spocnas FOcux

Hayionanvnuii ynieepcumem «Jlvsiscoka nonimexuixay, eyn. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalia

OCHOBHI BUIM MOXHOOK, SIKIi MAarOTh Miclle B IPOIECI BUMIPIOBaHHS TEMIIEpaTypH TI'a30BHX IOTOKIB (B TOMY
YHCIIi 1 TIOTOKIB €HEPrOHOCIIB) BU3HAYAIOTHCS YMOBAaMH TEIUIOBOTO OajlaHCy NPH B3aEMOJii YYTJIMBOTO €lIEeMEHTa
neperBopioBaua temrepatypu (I1T) 3 ra30BUM NOTOKOM uepe3 KOHBEKIIiI0, BUITPOMIHIOBAHHS Ta TEIUIONPOBIIHICTb.
HeoOxinHO BpaxoByBaTH TakoK oOmexeHi MoxumBocti [IT Ge3 3ami3HEHHs CIiKyBaTH 3a 3MiHAMH TeMIlEpaTypH
notoky. [Ipyn BenMKuX MIBHAKOCTSX Ta30BOro MOTOKY (Oinmbime 50 M/c Mae Mmiclie TakoX MOXHOKa, 00yMOBJIEHa
MIEpETBOPEHHSIM YaCTHHU KIHETUYHOI €HEeprii MOTOKY B TEIJIOBY (TaK 3BaHa “IIBHIKICHA” CKianoBa MoxuOku). [loBHe
aHAJITHYHE JOCNTIDKEHHS CYMICHOTO BIUIMBY BCIX OCHOBHHMX YHMHHHKIB Ha 3arajbHy NOXWOKY BHUMIpPIOBaHHS
TEMIIEpaTypH T'a30BOT0 IMOTOKY KOHKpeTHUM [IT NpakTH4HO HEMOXKIIMBE, OCKIIBKU JESKi 3aJIEKHOCTI, 110 OIMHUCYIOTh
XapakxTep BIUIMBY TOTO YW iHIIOrO YNHHUKA, MOXKYTh OYTH BU3HAUEHI TIIBKU E€KCIIEPUMEHTaIbHO. TOMY Ha MpaKTHUII
aHAJI3YIOTh KOXKHUH BUJ MOXMOKH OKPEMO 3 NPHITYLIEHHSM, IO pemTa ii BUAIB BiACYTHi, a 3arajbHy ITOXHOKY
BUMIpPIOBaHHSI PO3IIISAAIOTH SIK CYIIEPIIO3HIII0 OKpeMHX BUAIB MOXuOOoK. J[nst 3pydHocti npoBeaenHs ananizy [1T
MIPE/ICTABIICHO y BUIJIS/II OKPEMHUX €JeMEHTapHHUX JIAHOK 31 CBOIMH CKJIaoBUMHU noxuOku. [IT mis BumiproBaHHS
TEMIIEpaTypy T'a30BUX IIOTOKIB MPEACTABICHO Yy BHIVISII TPHOX IOCTIIOBHO 3’€JHAHMX JIAHOK: T'a30IUHAMIYHOI,
TEIUIOBOI Ta eNEeKTpU4HOi. ['a30AnHaMiYHa mMmificucTeMa NEepeTBOPIOE TEPMOANHAMIYHY Temneparypy 7(T) ra3oBoro
notoky Ha Bxozai IIT B TemnepaTypy ransMyBaHHs 77;7(T) Ha BXOIi B TEPMOUYTJIUBHIA €IEMEHT 1 XapaKTepPH3YEThCS
“IIBUIKICHOIO” CKJIaJJOBOIO MOXMOKH. BH3HAUaIbHOIO XapaKTePUCTHKOI ra30AMHAMIYHOI MiJICKCTEMU € KOe(illieHT
BigHoBnenHs [1T. Tomy B craTri po3risHyro cmocobu Ta 3aco0u uisi 3a0e3nmedeHHsl MOCTIHHOCTI KoedilieHTa
BiJTHOBJICHHSI.
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