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Abstract

The temperature of a transducer sensitive element, as a result of its heat capacity, will always lag behind the
temperature of the gas flow if this temperature changes. When measuring the flow temperature that varies in time, the
transducer doesn't follow the changes in temperature immediately because its sensitive element temperature changes
after some time. The distortions of the transducer readings are caused by the thermal inertia due to non-stationary heat
processes in the transducers, as well as between transducer and the environment. Since complete elimination of real
temperature transducer inertia is not possible, the transducers with some finite values of the thermal inertia are used at
practice to measure the varying gas flow temperature. The necessary information about the flow temperature can be
obtained by analyzing the record of the non-stationary measurement process. In this case a direct calculation of the
flow temperature is made or a correction of the temperature transducer readings delay is made. The results of research
and analysis of measurement methods of rapidly changing gas flow temperatures by the direct calculation of the flow
temperature and by correcting the temperature transducer readings are presented in this paper.
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1. Introduction

The peculiarities of the gas flow temperature measurement conditions are determined by the variety of technological
objects that are used in the industrial production, by the physical and chemical properties of the fluids, by the flow velocity,
range of temperature measurement, the requirements to the accuracy and reliability of measurement results, the nature of the
technological process flow and by the possible distortions in the technological process. Measurement of rapidly changing
temperature that varies by the periodic and usually harmonious laws is necessary for many processes. The temperature
variations and simultaneous flow velocity variations, that cause variations of convective heat transfer coefficients, are
dependent on the operating modes of the technological equipment.

During measurement of flow temperature that varies in time, the transducer doesn't follow the change of
temperature as a result of certain values of the thermal inertia, which depends on the geometric shape and dimensions
of the sensitive element, heat capacity, density of the sensitive element material and heat transfer coefficient between
the flow and the transducer. The necessary information about the flow temperature at such measurements can be
obtained by analyzing the record of the non-stationary measurement process. In this case a direct calculation of the
flow temperature is made or a correction of the temperature transducer readings delay is made.

The direct calculation method (the method of unsteady process record analysis) is used in cases when the
coefficient of heat transfer between the gas flow and temperature transducer can be determined. However, in some
cases it is practically impossible to define the heat transfer coefficient between the flow and the transducer in difficult
measuring conditions (e.g. in the wall layer of a gas flow or in the shock tube). That is why application of the direct
calculation method in these cases is impossible.
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The analytical dependences for determining the real value of gas flow temperature that varies in time are derived
from the theory of regular thermal regime [1, 2]. The theoretical and experimental investigations related to this
problem were conducted by analyzing the fundamental works [3-9], which are still relevant now, but have become a
bibliographical rarity. This kind of research was also conducted by the authors.

The purpose of the research is to investigate the methods for measuring the rapidly changing gas flow
temperature by the direct calculation of the flow temperature and by the correction of the readings delay of the
temperature transducers as well as to develop the recommendations for their practical application.

2. Method of unsteady process record analysis

The direct calculation method (the method of unsteady process record analysis) is used in cases where we can
determine the coefficient of heat transfer between the gas flow and temperature transducer.

Let us consider the heat balance during the period of time dt for a cylindrical temperature transducer in the gas
flow when the losses due to thermal conductivity can be neglected [1].

The heat flow from the gas stream Q; is defined as
0= ~1t)amn-d-ldc, (1)

where d and [/ are the diameter and the length of the transducer; ¢, is the temperature of the gas flow; ¢, is the
temperature of the transducer sensitive element.

The heat absorbed by the transducer

dt, md’
Qz=d—;'T'l'P'C'dT, (2)

and the heat radiated by the transducer

QFG{(@J (100” n-d-l-dr, 3)

where p is the average density of the transducer sensitive element; 7, is thermodynamic temperature of the sensitive
element; 7,,, is the thermodynamic temperature of the wall on which the transducer is mounted; c is the average heat
capacity of the temperature transducer; o is the Stefan-Boltzmann constant; ¢ is the coefficient of surface blackness of
the temperature transducer.

On the basis of the energy conservation law we can find that

4 4
toztn_}_L. Ld.c.ﬂ_;_c.g. i _ Tcm . (4)
o 4 dt 100 100

If we define graphically the derivative dt,/d7 from the record of the unsteady process through small intervals of
temperature variation, and all the other terms in (4) are known, then the temperature of the gas flow can be
determined. If there is a need to take into account the variation of heat exchange conditions and variation of
transducer internal properties during the temperature measurement process, then the information from one transducer
being applied in ordinary measurement schemes is not sufficient. Much more information should be available.

That is why the method of two or three transducers is applied for measurement of the rapidly changing
temperatures by means of the inertial transducers. The scheme of non-stationary temperature measurement with
application of two temperature transducers is shown in Fig. 1.

The principle of the measurement method with application of two temperature transducers is based on (4), where
a 1t, are unknown quantities. After writing down the heat balance equation for each of the transducers with the
diameters d; and d, respectively we obtain:

4 4
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where subscripts 1 and 2 here and further refer to the first and the second transducer respectively.

Fig.1. Scheme of a two-element temperature transducer: 1 - outputs to the recording device; 2 - holder; 3 - solid temperature
transducer; 4 - hollow temperature transducer; 5 - spikes of thermocouples; 6 - protective screen; 7 - ceramic insulator.

(6)

If we express the dependence of heat transfer coefficient as a function of Reynolds number Re, then Nusselt

number will be Nu=A4-(Re)", where A and m are constants. Then
A (V-d Y A (V-d,\ o, (d,)"
o) =—" ; 0, = . —=|—= .
d, \% d, \% o, d,
Dividing (6) by (5) with taking into account the ratio (7) we find:
4 4
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If we accept that the radiation may be neglected [2] then (8) can be written as:
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If two identically oriented transducers with the same external diameters are installed in a gas flow then the heat
transfer coefficient a will be equal for both of them [1]. If the heat capacities of the transducers are different, then (9)
for determining the temperature of the gas flow will look like

B S
X dt,/dv |
dtnl /dt

(10)

tO = tnl + (tnl - th )

- . . . L
where K =222 which describes the ratio of the thermal inertia of the two temperature transducers.
P16
Different heat capacities of the transducers can be obtained by using a solid and a hollow sensitive elements or
make them out of different materials. It is shown in [3] that the highest measurement accuracy is achieved if K value
is in the range of 0 <K<0.5.

During deriving the equations presented above it was assumed that the flow regime was the same for both of the
transducers, i.e. index m is the same for both of the transducers.

By recording the measured values #,; and ¢,, of the temperature transducers and by determining the rates of the
temperature signals change the actual temperature of the gas flow can be calculated if the value of coefficient K is
known. The advantage of the measurement method using two transducers is that we don't need to know the absolute
value of the coefficient of heat exchange to find the actual flow temperature or the error of its determination. The
systematic and random variations of the heat exchange coefficients do not make any influence on the coefficient K.
And in case of application of a single temperature transducer it would be difficult or impossible to take these
variations of the heat exchange coefficient into account.

In [4] method of measurement with simultaneous use of three temperature transducers to improve the accuracy
of temperature measurement of gas flows was proposed. The principle of this method is that if all the temperature
transducers are made of the same material and are solid cylinders of different diameters, then for each of them the
heat balance equation can be written as

to_t:l.(w.ﬂ} (11)

The heat transfer coefficient for each transducer can be presented as
a=a-d"", (12)

where a is a constant number.

Taking into account the fact that for Reynolds numbers from 5,000 to 50,000 (the conditions for measurement of
a gas flow temperature) the value of the constant m is approximately equal to 0.5, and substituting (12) to (11) we
obtain the equation for determining the temperature of any of the three transducers

t, =—b'd2””'ﬂ—to, (13)
dt

where b is a constant number.
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. o [t . . .
If we build a curve of ¢, dependence on d>™ [d—"j then at any time for the three transducers we obtain points
T

which are placed in a straight line, which will overlap with the axis of ordinates in point ¢, = f,. Since this method is a
graphical one, we can smooth out errors of individual measurements.

The heat transfer coefficient between the flow and the transducer in some complicated measuring conditions,
such as in a wall layer of the gas flow or in the shock tube, cannot be defined so application of the method of direct
calculation is impossible.

3. Method of correction of the temperature transducer readings delay

Correction of the temperature transducer readings delay is described in the works [5,6]. There are the results of gas
temperature profile measurement by means of a transducer moving with a constant speed presented in these works.

This method can be used to measure the flow stagnation temperature distribution down the thickness of the
turbulent wall layer of a gas flow. If a step change of temperature ¢, takes place in a turbulent wall layer the sensitive
element of the temperature transducer will get some portion of heat dQ during a time period dz which can be
described by the following equation

dQ=oF (to -, )dt, (14)

where a is the heat transfer coefficient from the gas flow to the sensitive element of the transducer; F is the sensitive
element area; ¢, is the sensitive element temperature.

This quantity of heat will lead to the temperature ¢, increase by
dQ=CMdt,, (15)

where C is the heat capacity of the sensitive element material; M is the sensitive element mass.
From (14) and (15) we get

C.Mﬂ=a.F.(t0—tn (16)
T

Taking into account that

de_dt dy_di

= = 17
dt dy dt 7 dy an
equation (16) can be represented as follows
C-M-y’.ﬂzoc-F-(tyCT—tH), (18)
dy
where y is the wall layer thickness; y'=% is the transducer velocity in the turbulent wall layer; ¢, is the
T

temperature measured by the transducer in a steady mode of gas flow; ¢, is the temperature measured by the
transducer in an unsteady mode of gas flow.

After differentiating (18) by y and taking into account that the heat transfer coefficient varies across the wall
layer thickness, i.e. a = a(y), we get

dt, 2
o {1 k, da] di,  k d’t, 19

s 4=

where k; is a constant.
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Assuming that the last term of (19) is small compared to the other terms, we obtain the equation

dt,
k, do dy
_fhoaa a4y 20
ol dy diy 20
dy

This equation can be used for making a correction of the temperature transducer readings delay.

In order to measure the temperature in very short-term processes, such as shock tube, a method, in which the
temperature of the gas flow is determined by the change of the sensitive element transducer temperature in time, was
used in [7]. Tungsten filament with a diameter of 0,005 mm and a length of 3 mm was used as a sensitive element.
According to this method a small electric current (5 mA) is passed through the filament at the beginning of the
experiment to measure the electrical resistance of the filament. After that, the tungsten filament is introduced into a
gas flow and begins to take some heat from the flow (see. Fig. 2).
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Fig.2. The sequence of the processes during the gas flow measurement by means of a temperature transducer with an impulse
mode of filament heating: 1 — a flow parameter; 2 — electric current flowing through filament, mA; 3 — filament resistance, Q; 4 —
voltage across the filament, mV; 5 — the output signal of the filament, mV; 6 — electrical power impulse; 7 — combined effect of

heat input from the gas flow to the filament and loss of heat from the filament to the filament holders.

During the next step a short impulse of electrical power, with a duration of At (47 = 1; - 1,), is supplied to the
filament in the time moment 7; which leads to an abrupt raise of the filament temperature to the value ¢,. After the
impulse the change of the filament temperature in time is recorded again with a small electric current flowing through
the filament. The heat balance equation for the filament at the time moment 7; can be written as

%=K~(tp—t,)+

1
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where K is the coefficient inversely proportional to the time constant; #, is the equilibrium temperature of the
filament; M, C, L are the weight, the specific heat capacity and the length of the filament respectively; O is the heat
loss from the filament to the defensive fitting of the transducer.

The equation for the moment of time 7, can be similarly written as

dt,
2ok, 1, )40 22
dt o) el 22

Based on the results of the experimental research carried out by the authors it was defined that that the last term
in the equation (21) is insignificant compared to the term K = (¢, - ¢;) at the time moment 7; and the value of the term
1
M-C-L
This provides the possibility to determine the heat loss Oz by making an individual test before the experiment by
supplying an electric impulse to the filament in a vacuum and recording the filament temperature variation. The value

QOp is determined by the following equation

-Q, in (22) is considerable compared to the previous term at the time moment 7, and it cannot be ignored.

QB=M~C~L~%. (23)

By substituting (23) for Op into (21) and (22) we obtain the actual temperature of the filament

dt, dt,

_ ). dt dt
t,=t,+(t,~t,) i (24)

v dv dt

The values ¢;, t,, dt;/dr, dt,/dr are measured during the experiment. And the value dfp/dr is defined during an
individual test in a vacuum before the experiment.

There are also other methods of introducing corrections into the readings of the inertial temperature transducers
[8,9]. These methods however are not widely used which is caused by the expensive equipment and complexity of
measurements at practice.

The reduction of the thermal inertia of the temperature transducers is limited by the heat transfer conditions and by
the requirements to the mechanical strength of the transducers. The structure of the measuring circle can be changed
by introducing a corrective device into it in order to increase the transducer’s speed of response for a short-term
measurement of flow temperature. The series electric correction devices are most often applied at practice. These
devices are shown in Fig. 3.

R 2 3
1 3 1 2 |IrR

RD
= lro L

a) thermocouple with an RC circuit. b) thermocouple with an RL circuit.

Fig.3. The simplified scheme of a temperature transducer with a correction device: 1 — a thermocouple; 2 — an electric correction
circuit; 3 — a recording device RD.

By choosing the values for the parameters of the correction device the speed of the measuring circle can be
increased significantly and the frequency range of its work can be widened. In other words, introduction of a
corrective device leads to the same result as application of a less inertial temperature transducer.
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Correction devices provide the possibility of the gas flow temperature measurement during the time interval
considerably shorter than the time constant of the temperature transducer. Therefore, the schemes of the temperature
transducers with the correction devices are often used when it is necessary to make a short-term high temperature
measurement in a flow with the temperature that exceeds the allowable range for the transducer.

4. Conclusion

The methods for measurement of rapidly changing temperature of gas flows are analyzed in this paper. The
conditions for application of the flow temperature direct calculation method are defined. The conditions for making a

correction of the temperature transducer readings delay due to a finite value of the transducer thermal inertia are
defined.

It should be noted that some of the measurement methods did not receive a widespread use due to the high cost
of the equipment and the difficulty of measurements at practice. Most of the methods mentioned above can be applied
during the experimental study of new devices and during research in the field of gas flow temperature measurement.

References

[11  Moffat, R.J. (1962). Gas Temperature Measurement. Temperature: Its Measurement and Control in Science and Industry, 3(2), 321.
[2] Vas, 1. E. (1972). Flow Field Measurements Using Total Temperature Probe at Hypersonic Speeds. 4/44, 10(3), 317-323.

[3] Giedt, W. H., Chambers, J. T.-A. (1965). Dual-Element Transducer for Measuring High Gas-Stream Temperatures. Heat Transfer, 87(3),
397-402.

[4] Benson, R. S., Brundrett, G. W. (1966). Development of resistance wire thermometer for measurement of the transient temperatures in
exhaust system of internal combustion engines. Measurement of transient temperature and heat flux. Reinhold Publ. Co., 56-91.

[5S] Kilburg, H. P. (1968). A High Response Probe for Measurement of Total Temperature and Totalpressure Profiles through a Turbulent
Boundary Layer with Heat Transfer in Supersonic Flow. AIAA4, 9.

[6] Alverman, W. (1986). Determination of temperature profiles by means of thermocouples. Ztschr. fur Plugwissenschaften, 4, 179—183.

[71 Softley, E. J. (1968). Use of a Pulse Heated Fine Wire Probe for the Measurement of Total Temperature in Shock Driven Facilities. 4144,
12.

[8] Quamby, A. (1984). Transcient Response of Wire Resistance Thermometers. RAS, 646, 696-698.
[91 Basic Theory of Millisecond Response Thermocouples (1970). Instrument Practice, 10, 687-691.

JlocaiazkeHHs Ta aHAJII3 MeTOAiB BUMIPIOBAHHA HIBUAKO3MIHHMX TeMIIepaTyp
ra3oBHMX NOTOKIiB

Bacuns @enqunens, Jleonin Jlecosoii, borman Yaban

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

AHoTalia

BHaciiiok IMEBHOro 3HA4YEHHS TEIUIOEMHOCTI YYTJIMBOTO €JIEMEHTa IIepeTBOpIOBaYa TeMIlEpaTypH HOro
TeMIlepaTypa 3aBX/u Oyze BiJICTaBaTH BiJ TEMIIEPATYpH ra30BOro MOTOKY, SIKIIO BOHA 3MiHMIacs. [Ipy BUMiploBaHHI
3MIHHOI B 4Yaci TeMIepaTypu IOTOKY IE€PETBOPIOBAaY TaKOXX HE BCTUTAE CIIJIKYBaTH 3a 3MIHOI0 TEMIIEpaTypH,
OCKIJIBKM JUIsi 3MIHM TeMIlepaTypd HOro 4YyTJIMBOIO €leMeHTa MoTpiOeH aeskuii yac. CHOTBOpEHHS MOKa3iB
MepeTBOpIOBaYa 4epe3 HECTAlliOHAPHOCTI TEIUIOBUX IMPOLECIB SIK B CaMOMY IIEpeTBOPIOBAYi, TaKk 1 MixX
MEPETBOPIOBAYEM 1 HABKOJHUIIHIM CEpPEeIOBHIEM OOYMOBJICHI HOro TEIUIOBOIO iHepIliero. OCKUIBKH IIOBHOTO
YHUKHEHHS 1HEpIIHOCTI peaJbHOr0 MEepeTBOpIOBaYa TEMIEpaTyp MOCSATHYTH HEMOXIIMBO, TPH IPaKTHYHHX
BUMIpPIOBaHHSX TEMIIEPATYp T'a30BOTO MOTOKY, 10 3MIHIOIOTHCSI B Yaci, BAKOPHCTOBYIOTh NIEPETBOPIOBAYI, SIKi MArOTh
JiesKe CKIHYE€HHE 3HA4YeHHs IIOKa3HHWKa TeIUIoBOi iHeprii. [Ipy Takux BUMIPIOBaHHSX OTPUMYBAaTH IOTPiOHY
iHpOpMAaIiI0 MOXJIMBO HUISIXOM aHali3y 3alkCy CaMOro HECTalliOHAPHOI'O MPOLECY BHUMIPIOBaHHS 3I1HCHIOIOYH
NPSIMUIA PO3paxyHOK TEMIIEpATyp CepeloBHIIa, a00 BHOCHTHU IONPAaBKYy Ha 3alli3HEHHS B MOKa3M IEpPETBOPIOBaYa
TemriepaTyp.B cTarTi mpoBeseHO IOCHIPKEHHS Ta aHali3 METOAIB BUMIPIOBAHHS MIBUAKO3MIHHUX TeMIlEpaTyp
ra30BUX ITOTOKIB HIISXOM IX MPSIMOro pO3paxyHKY Ta BBEACHHSM IONPAaBKH B MOKa3H MEPETBOPIOBAYiB TEMIIEPATYPH.

Koaro4ogi ciioBa: ra3oBuii OTiK; BUMIPIOBaHHS; TEIJIOOOMIH; TEMIIEpaTypa; MepeTBOPIOBAY TEMIIEPATYpPH.



