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THE MISSION OF AGARD

The mission of AGARD is to bring together the leading prrsonalities of the NATO nations in the fields of
science and technology relating to aerospace for the following purpcses:

G

— Exchanging of scientific and technical information;

— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence
posture; :

- Limproving the co-operation among member nations in aeiospace research and development;

— Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the
ficld of aerospace research and development;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations
in connection with research and devciopment problems in the aerospace field;
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i — Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

~ Recommending effective ways for the member nations to use their research and development capabilities
for the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are
,‘ composed of experts appointed by the National Delegates, the Consultant and Exchange Program and the Aerospace
Applications Studies Program. The results of AGARD work are reported to the member nations and the NATO
Authorities through the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.
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PREFACE

Soon after its foundation in 1952, the Advisory Group for Aeronautical Research
and Development recognized the need for a comprehensive publication on flight test
techniques and the associated instrumentation. Under the direction of the AGARD
Flight Test Punel (now the Flight Mechanics Panel), a Flight Test Manual was
published in the years 1954 to 1956. The Manual was divided into four volumes:

1. Performance, 1l. Stability and Control, I1l. Instrumentation Catalog, and IV.
Instrumentation Systems.

Since then flight test instrumentation has developed rapidly in a broad field of
sophisticated techniques. In view of this development the Flight Test Instrumentation
Committee of the Flight Mechanics Panel was asked in 1968 to update Volumes 111
and 1V of the Flight Test Manual. Upon the advice of the Committee, the Panel
decided that Volume 111 would not be continued and that Volume IV would be
replaced by a series of separately published imonogiaphs on selected subjects of
flight test instrumentation: the AGARD Flight Test Instrumentation Series. The first
volume of this Series gives a general introduction to the basic principles of flight test
instrumentation engineering and is composed from contributions by several specialized
authors. Each of the other volumes provides a more detailed treatise by a specialist on
a selected instrumentation subject. Mr W.D.Mace and Mr A.Pool were willing to accept
the responsibility of editing the Series, and Prof. D.Bosman assisted them in editing the
introductory volume, AGARD was fortunate in finding competent editors and authors

willing to contribute their knowledge and to spend considerable time in the preparation
of this Series.

It is hoped that this Series will satisfy the existing need for specialized documen-
tation in the field of flight test instrumentation and as such may promote a better
understanding between the flight test engineer and the instrumentation and data
processing specialists. Such understanding is essential for the etficient design and
execution of flight test programs.

The efforts of the Flight Test Instrumentation Committee members and the

assistance of the Flight Mcchanics Panel in the preparation of this Series are greatly
appreciated.

T.VAN OOSTEROM

Member of the Flight Mechanics Panel

Chairman of the Flight Test
Instrumentation Cominittee
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IN-FLIGHT TEMPFRATURE MEASUREMENTS

by

Fritz Trenkle and Manfred Reinhardt
Deutsche Forschungs - und Versuchsanstalt fir Luft - und Raumfahrt E.V.
Institut fur Physik der Atmosphive
Oberpfaffenhofen
Germany
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SUMMARY

This publication i3 intended to give practical assistance to all instrumentation and test
engineers working in the field of temperatuve measurements in aircraft at Mach numbers up to 2.3 and
altitudes up to 80,000 feet.

After a general discussion of the requirements of aircraft temperature measurements, and the
available temperature sensing technology, the detailed techniques of using resistance probes and
thermocouples, as well as the associated electrical leads, circuits, and indicators, are explained. A
discussion of heat transfer processes, primarily between moving fluids and solids, includes terminology,
the systematics of temperature measurements, and the concept of total temperature as the main operational
parameter. An extensive section deals with errors in temperature measurements, as functions of various
parameters, in gases, liquids and solids. Typical laboratory and in-flight calibration techniques for
thermometers ar~ described, followed by discussions of data handling, error analysis, and the limits of
present methods.

1. INTRODUCTION

1.1 Aim of this Volume

Temperatures to be measured in and on ajircraft presently range bLetween approximately 200 and E
1,500°K. and in extreme cases, the limits extend to 20°K and 2,000°K. Extremely different requirements ‘
are made on the measurement devices depending on the type of measurement (outside air, exhaust, fuel,
etc.). The large number of temperature measurements normally made in a modern production aircraft is

further increased for flight test programs, and there are increased requirements for measurement accuracy,
as well as additional demands, e.g. for matching withrecorders, indicators, and signal conditioners.

The information required to make more precise measurements in aircraft is usually not found in the

regular textbooks on temperature measurement, but have to be gleaned from different individual publicationms,
and are, therefore, not readily at the disposal of the engineer who suddenly finds himself faced with a

‘ new measurement problem. In the more popular handbooks for flight testing, the measurement of the

; temperature of the outside air is briefly discussed. This discussion is, however, often based on the

level of technology in 1945 and the flight regime of the typical piston engine aircraft of tie day.

The possibilities opened up by the development of modern equipment are not oiten explored. Special 3
problems are usually ignored, for example, the case of extremely slow-flying aircra2ft (VIOL) or very fast,
high-altitude alrcraft, and the measurement of the temperature of the air as it enters a jet engine.

TR AT
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E The following survey should serve the test engineer as well as the instrumentation engineer as
a practical handbook which can be used to choose the correct probes, indicators and signal conditioners,
agscertain their optimum installation, determine their accuracy and correctly interpret the measurements
% obtained. Special importance is attached to directly applicable graphic representations in order to
reduce computationsl work. The examples also show the extent to which data, that are considered
generally valid in normal measurement techniques, can change when measurements sre made in air or in

kA T Sk ad s LS

; other gases. In the discussion of the processes of heat transfer and the effect of the individual

3 paraneters, the number of problems involved often necessitated an extremely simplified representation,
appropriate for the given measurement purposes, to maintain clarity and because of the limited scope of
this paper. Thus, this paper is intended to be a supplement to the references and manuals which are now
available to the technician. Additional inforwmation can be found in the bibliographic list of primary i
sources.
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For measuring the outside air temperature, the authors have limited themselves to the range of
altitudes aund speeds of modern production aircraft. These limits were set at an altitude of 80,000 feet
and a speed Of approximately Mach 2.3. The results of measurements made on experimental and test
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aircraft which exceeded these limits, insofar as the results have been published, do not enable any
generally valid conclusions to be made. But even in the flight regime gelected, there are still zones
for which there are no valid measurement results. This is especially true at relatively low specds at
high altitudes, in the near-sonic airspeed range at low altitudes with high atmospheric temperatures
combined with high humidity, and for flights in clouds and heavy rain.

1.2 Temperature Measurements in Aircraft

LI U T T A T

Figure 1 gives a gurvey of the different types of temperature measurements in aircraft as well
as the corresponding measurement range.

One of the most important values is the undisturbed ouiside or static air temperature (SAT).

For reasons of measurement accuracy, the increased total air temperature (TAT), which depends on the
corresponding Mach number, is almost always determined instead of the static alr temperature except on

very slow-flying types of aircraft. If Mach number is determined, TAT is readily converted to static air
temperature. In many aircraft, the ccnversion is done automatically in a central air data computer, which
uses the temperature value and the Mach number to yield the true airspeed (TAS) and other additional
values, e.g. air density, which are necessary for the automatic pilot and the weapons system.

€ LTSN

Other important temperature measurements are made in engines to insure that limiting temperatures

are not exceeded. For piston engines it is necessary to measure and observe the oil temperature, the
cylinder head temperature, the coolant temperature and if needed, the carburetor temperature or the air
inlet temperature for injection engines. For jet engines the compressor inlet temperature determines
important operating parameters® so that it must be indicated directly as well as fed to the automatic

fuel control system. Accuzate total temperature measurements of the exhaust gas temperature are also
required. There is a logarithmic relation between this temperature and the life of the engine. The
optimum engine output can, however, only be reached at or near the prescribed temperature, so that the

d ol g T

exhaust temperature must alsc be measured and indicated continuously. On supersonic aircraft it is also
fed into an automatic nozzla area control system.

o Sy

e

Additionally, the measurement and indication of the fuel temperature is often necessary if, for
i example, aerodynamic heating of the aircraft skin influences the fuel temperature.

AR i o

For flight test purposes, wrst of the previously mentioned measurements must be made with
increased accuracy and often at more measuring points than normally required in order to make unconditional
statements on behavior over the entire range of flight. In addition, there are at times a series of

ERRRICI VT SRy

other measurements, such as measurement of the liquid oxygen temperature (LOzTemp.) ir the oxygen apparatus
; or the 1iquid nitrogen temperature (INzTemp.) in infrared equipment, in order to make sure that the
F systems functlon as planned under all possible flight conditions.

In the same way, several surface temperatures must be measured on the brakes, and on various
structural components that are exposed to the thermal radiation of the engine or the exhaust stream, as

well as aerodynamic heating, at different points on the aircraft skin and inmterior structure. The
fuselage of the aircraft rums through a tewperature cycle in every flight, where certain components heat
up and then cool faster than adjacent romponents, sn that there are differences in expansion and

corresponding material stresses.

Temperature measurements in aircraft are made at widely different locations (outside air, fuel,
etc.); they encompass very different vanges and are subject to very different accuracy requirements.

A B2

Figures 2 and 3 show examples of typical tcmperature curves for a supersonic ailrcraft as a function of 3
altitude and flight time.

Py

1.3 Thermometers Used in Aircraft

The temperatures mentiomed in the previous section are measured using, to a certain extent, !
various measuring devices, which for the sake of simpliecity will be called thermometers in the rest of
this volume, Since the points at which the weasurements and readings are taken are widely separated

in aircraft, a typical thermometer usualiy consists of a temperature probe attached at a measuring point,

* £.g. for supersonic aircraft, the value »f the maximum permissible speed.
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and a measurement indicator in the cockpit. In addition, thers may also be, if necessary, a computer,
data converter, or asignal conditioner to feed signals to recording or velemetry systems.

The thermometers used in aircraft can be roughly divided according to the way they are used: ;
3§
(a) Bimetallic thermometer, usually used in light aircraft to measure the outside aud cabin p
alr temperature. ;,
(b) Liquid-in-glass thermometer, e.g. for meteorological purposes: dry-bulb and wet-bulb *’
temperature, s
(c) Liquid-in-metal thermometer, as an integrated component of older fuel control units for

jet engines and simple true airspeed transmitters.

(d) Registance thermometer, the most accurate and widely used thermometer in aircraft for
all types of measurements in the range of temperatures between -220°C and approximately
+300°C. although some resistance thermometers are accurate up to +800°C.

(e) Thermoelectric thermometer (thermo-couple), generally used for aircraft measurements in i
the range of temperatures between +200°C and approximately +1 +500°¢C, although some §
thermoelectric thermometers are accurate as low as -175°C.

(£) Thermometers for special purposes (based on acoustic velocity measurements, infrared
radiometry, color change, or change in hardness of a material), almost exclusively
used for measurements on the ground, e.g. bench tests for jet engines, !

The thermometers most generally used in aircraft are listed in Table 1. The magnitude of the errors to
be expected for a specific thermometer depends on factors such as temperature range and choice of
thermometer materials.

TABLE 1. TYPES OF THERMOMETEES USED IN AIRCRAFT

Thermometer Temperature Limit of Error
Type Range “C .
Bimetallic -60 to +400 1 to 3% of the range
Liquid-in-glass (Special -58 to > +60 0.2 to 1% : ;
applications) E )
Liquid-in-metal -35 to +500 1 to 2% of the range A
H Iy
Resistance =220 to +300 0.2 to 5.0°% ﬁ
Thermoelectric +200 to > +1500 1 to 10°C !
In bimetallic thermometers, the differential thermal expansion of two metals is usually made :
to move a pointer positioned over a circular scale. For flight testing, the advantage of being
relatively inexpensive is outweighed by serious disadvantages such as: its use is restricted to measuring : f
the air temperature at icw speeds, its response to temperature changes is slow, and it is impractical to
connect a satisfactory recording device for use in aircraft. This is also true for the most part for 4
l1iquid-in-glass thermometers where a thin column of liquid is positioned in front of a straight line ;
scale. In addition, they must be protected against shock and vibration. E
Liyuid-in-metal thermometers have not been used in aircraft as isolated devices but only as '

components of automatic fuel controls for jet engines and of simple TAS transmitters. In this case, the
temperature measurements are obtained by virtue of the expansion of a liquid enclosed in a wetal tube
used as the temperature probe. The resulting increase in pressure is transmitted by a thermally
insulated extension of the tube to a pressure semnsor. The type of pressure sensor used is selected to
give the kind of output desired (voltage, indicator deflectiom, etc.).

e e Imish i o ad Al i S

Electric thermometers are the ones most generally used. In the case of a resistance

thermometer, a temperature gensitive resistor (called a “resistance probe” for short) is mounted at the

measuring point, and usually forms one leg of a bridge circuit. Bridge unbalance, which is a function
of temperature, is sensed electrically. The thermoelectric thermometer, commonly called a thermo-couple,
is simply a junction of two wires of different metals or metallic alloys. A voltage is produced that
depends on the temperature difference between the junction at the measuring point and the junction of
the other ends of the wires which is maintained at a reference temperature. This electrical signal is

i
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then converted,using a senaitive smmeter, or by using a reference voltage and a compengator, into the
corresponding temperature value. Since both types of .lectric thermometers can be used for practically
all possible problems of temperature measurement in aircraft with s great degree of accuracy, flexibility,
and reliability, and since the output can be easily prepared for recording and/or telemetry,they are

used almost exclusively in flight tests. For these reasons, only these two types will be discussed in
greater detail in the following sections.

The special-purposs thermometers include the temperature sensitive materials whose color depends
upon the highest temperature to which it has been exposed. There are even certain types which go through
a multiple color change and can indicate up to four different temperature levels (cf. Section 6.1.4).
Mechanical temperature indicators are also used on occasion in engine tests. In this case, the change in
hardness of a material is a measure of the maximum temperature reached. Optical temperature measurements
are often made, in research and development tests, of the hot gases in combustion chambers and exhaust
streams. They have the advantages that no probes are mounted in the gas stream and hence gas flow and
temperature distributions are not disturbed, the possibility of thermometer damage and parts entering an
engine is minimized, and almost inertialess reccrdings are feasible. Some of the instrumen'ts can be used
to obtain a wmeasurement of the temperature distribution in the gas stream. However, this technique has
not yet beean extended to in-flight applications.

There is a close relationship between thermometers and hot-wire anemometers which, ir addition
to measuring the speed of the gas stream, can alsc be used at times to measure the temperature. This
measurement principle is based on the convective heat loss of an electrically heated wire mounted in a gas
stream. There are, however, many problems when using them as thermometers. Acoustic thermometers must
also be mentioned. These thermometers measure sound velocity as a function of the temperature. There
is little information on their use in aircraft.

Novel temperature probas such as specially-cut quartz crystals, temperature sensitive condensors,
etc. are often used in temperature measurements. Until now, however, no models of these devices have
been produced that are suitable for the measurement conditions in aircraft. The successful trials of a
Fluidic~-TAT-probe up to Mach 6.7 in an X-15 aircraft are reported. It can be assumed that in the next
few years, “digital probes" of this sort, which do not produce a genuinme digital signal, but rather a
variable frequency which can easily be converted to digital form, will come into use,

Almost all temperature measurements in aircraft are relative measurements, i.e. the indicators
give the temperature of an object relative to the melting point of ice measured in °C, and geldom the
abgsolute temperature in %. In special flight tests two temperature probes of the same type are mounted
at different measuring points and connected differentially to the same measuring instrument, thereby
giving the difference between two temperatures AT in *C, The rate of change of temperature
way also be measured, in which case, two temperature probes with different time constants are connected
differentially at the same measuring point and to the same measuring instrument to indicate the rate
that the temperature is increasing or decreasing (AT/At in + °¢/min).

2. RESISTANCE TEMPERATURE MEASUREMENIS

2.1 Resistance Probes

Metals, i.e. electrical conductors, are crystal structureg that are composed of the corresponding
metal ions, f.e. of atoms whose valence electrons* have been freed by Brownian movement. When a voltage
is applied, a directional flow of free electrons is superimposed on this random motion. The electrons
collide with each other and with ions of the crystal lattice (which ocscillate about an equilibrium position)
and thereby impede the flow, i.6. generate electrical resistance. As the conductor heats up, the

oscillations of the electrons and ions increase, i.e. reasistance increases with tamperature. The increase
in resistance in ferroelectric ceramics and the so-called "cold conductors" is much greater than in
metals.

®* Valence electron = the electron in the outermost electron shell, which is bound only very loosely
to the atom.

L s g s

i TR

i p s i e

L

et e




T T R TN T

B3

TR R

5

In some types of the so-called "semiconductors”, the valence electrons are bound more strongly

to the atoms and are freed only at higher teaperatures so that the flow incresses with the temperature
(when voltage is applied), since mcre electrons can join the flow of the current.
resistance decreases as the temperature increases.

In other words, the

These semiconductors which are used as temperature
sensitive resigtors are, therefore, also called "hot conductors'.

In general, Loth phenomena mentioned above (increase or decrease in resistance with
increase in temperature) take place simultaneously, but generally one of the processes is predominant.

However, certain metal alloys, the so-called "constant resistance alloys", can be produced which exhibit
no appreciable change of resistance with temperature over a rather wide temperature range.

The useful temperature range of a resistance probe is determined by the magnitude of the

temperature sensitivity,.chemical reactions (heavy oxidation or reduction), permanent changes in the
crystal structure, etc. At very high tewmperstures, it is important to note that all insulators (e.g. glass

above 550°c) bgcone electric conductors (due to the release of all the valence electrons), and all
materials lose their impermeability to gas (important for shield tubes).

The slope of the R/T curve (resistance over temperature) can be expressed as a change in

registance AR per change in temperature AT of 1°c, or for purposes of comparison as the temperature
coefficient a, i.e. as the relative change in resistance

AR/Rx per ¢, according to the equations:

AR-Rx'a'AT and

98]
a = SR/(R * AT) (2)

In practice, a (wultiplied by 100) is usually expressed in 2/°C, and o 1s positive if
resistance increases with temperature, but negative if resistance decreases with temperature. Although

o 1is usually treaated as a constant, in reality it bears a non-linear relation to temperature, and a
given value of a 18 exact at only one value of B&

It is characteristic of temperature senaitive resistors that they are passive elements, and

that a current must be sent through them (e.g. in a bridge circuit) which can perceptibly heat up the

resistor through the "Joule effect", causing & self-heating error. The definition of the "sensitivity"

of a temperature probe as the relationship batween the variation in the output voltage AE for a
variastion in temperature AT of 1°c tor purposes of comparison with active temperature probes

(thermo-couples, which generate voltage of themselves) is very misleading. This applies especially

when measuring in media with a poor thermal conductivity (air or other gases, etc.), and when not all
the conditicns ar: named, such as permissible self-heating error, magnitude of the probe resistance,
circuit design, type and velocity of the medium, etc.

In the following, Rx generally expresses the resistance value of an element at any temperature
Tx' and R

’% is the value at a temperature Tl’ sz at T,, but Ro is the value at O°C, R25 the
value at +25°C, etc.
2.1.1 Elements with Positive Temperature Coefficients

Temperature probes of pure platinum wire were selected as the internstional standard for
temperature measuresents between the boiling point of liquid oxygen (-182.97°C) and the melting point

of antimony (+630.5°C).since the resistance-to-temperature ratio of pure platinum wire in an annealed and

strain-free state is especilally stable and reproducible. The temperature coefficient iucreases rapidly

from zero at approximately 10% (-263°c). reachss a maximum (0.42%/°C) at approximately 30% (-243°C)
and then gradually decresses as the temperature is increased (Figures 4 and 5). The upper temperature
limit for continuous operation is approximately 800°C (for short-term applications, 1,100°C). Tabular
data for the resistance values of coiled platinum wire elements as a function of temperasture are found,
e.8. for elements whare Ro = 100 ohms, in DIN 43760 (Reference 70). For elements vhere Ro = 500 ohms,
the values for R° = 100 ohas should be multiplied by 5; where R, = 50 ohm, the values should be halved,
etc, Platinum with only a relatively high degree of purity is often used in various seronautical devices,
and especially in total temperature probes, in order to obtain minor variations in n/'r values;

these are set forth in MIL-P-~25726 B ASG and MIL~P-27723A. Plastinum probes for aircraft are usually

manufactured with a resistance Ro of 50 or 500 ohms in the U.S.A. However, other values are also used,

;

RTTPN  TBER e

A ik

P

e Y ST,

e A A Pl



6

I wrﬁa‘im

e.g. 100 ohms in Germany and France, and 200 or 700 ohms in Sweden. The deviations from the
corresponding standard R/T curves are generally less than tlcc (cf. also Section 5.2.4).

In special cases, e¢.g. when measuring surface temperatures, elements are alsc used in the form

of coated platinum foil. The R/T curve is less predictable for platinum foil, but is dependent on
the thickness of the foil and must be found by individual calibrations (Reference 71).

S TN A T

Temperature probes made of nickel can be used in the temperature range from -190 to +180°%¢.
It is less expensive than platinum sand has a somevhat higher temperature coefficient which increases as
the temperature is raised, but is also less stable. Above +180°C it changes its interral structure as it
approaches the Curie point, so that its R/T curve can no longer be reproduced. Tables giving the data
on resistance values Rx as a function of temperature can be found in DIN 43760 (Reference 70) where
Ro = 100 ohms or in MIL-B-7258 vhere Ro = 1,200 ohms. Probes for which Ro 18 listed as 90.38 ohms are
actually composed of s temperature sensitive element for which Ro is approximately 60 ohms and a
series,30.38 ohm registor housed in the base of the probe. The resulting R/T curves differ from those
b ; of the other probes for this reason and is given in MIL-B-7990A (Figures 4 and 6). For the same reason,
- approximately 30 ohms must be subtracted when determining the Joule heating in this type of probe. Other
resistauce values, e.g. 90 ohms, can be found in use in the UK., Since the temperature coefficient of
, nickel increases with temperature, the R/T curve can be made more linear by connecting a resistor in
parallel with Rx (cf. examples in Figure 6). A shunt resistor approximately 3.6 times greater than
the average value of Rx for the range provides reasonable linearity but appreciably decreases the
slope of the characteristic curve. Another resistor in series with the parallel combination is often
s necessary for bridge design purposes, and further reduces the slope. The reduced slope of the corrected 5
. curve naturally must be takern into consideration when measurements are made.
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Copper of all the known metals has the temperature coefficient with the best linearity over an
extremely wide temperature range, however, it is not used for temperature probes in aircraft for various
,‘ reasons. Its temperature characteristics can, unfortunately, result in vuriable line resistance in the
1 probe conductors,this is especially troublesome in probas with low resistance. R

Silicon semiconductor elements are available that have a higher positive temperature coefficient
than metals and are suited for a temperature range from approximately ~70 to +176°C. The variation in a
3 ) for the individual types is rather broad, however. Their R/T curve is practically linear over the
given range (Figure 7). There is as yet no data on the long-term stability of the material.

e e o e g

Occasionally, elements of a ferrcelectric ceramic, the so-called cold conductors, also called
PIC resistors*, are used. They consist primarily of sintered barium titanate with metallic oxides and
have a very high temperature coefficient, depending on their composition, over narrow temperature ranges
between approximately +20 and +160°C (Figure 7). At low temperatures, the resistance value is low,e.g.
40 ohms, and varies only slightly with changes in temperature. When the Curie temperature is reached,
barrier layers are formed in the ceramic and the resistance increases exponentially with temperature by
more than three orders of magnitude. Above this usable range with large temperature coefficients, a
again decreases and sometimes even becomes negative. The initial resistance R25, at 25°C, lies between
3 and 1,000 ohms depending on the model. The variation between probes of the same type necessitates
individual calibratioms. For rough measurements within small temperature ranges, the high temperature
coefficient permits the fabrication of relatively inexpensive, but quite sensitive, resistance thermometers.
There has not been enough experience in using them in aircraft to make statements on their stability,
aging, etc. (Reference 73).
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2.1.2 Resistance Materials with Negligible Temperature Coefficients

Resistors of manganin (s Cu-Mn-Ni alloy) wire exhibit a nearly constant resistance value over a
wide range of temperatures. For this reason, this material is very suitable for manufacturing precision
resistors, which are necessary in the bridge circuits for temperature probes. The temperature coefficient
of constanten (& Cu-Ni alloy) wire is also close to zero, but exhibits a large thermoelectric effect when

used with copper, so that it is not recommended for use in resistance-temperature measurements.

#PTC = positive temperature coefficient.
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2,1,3 Elements with Negative Temperature Coefficients

Semiconductors with negative temperature coefficients, the so-called thermistors (also called

Newi, Urdox, Thernewid or NTC resistors) are made of sintered ceramics, usually of mixtures of metal oxides,
e.g. iron, manganese, nickel, cobalt, copper, titanium or uranium oxide, preferably with values for st
between 100 ohms and 100 kilohmg. As is the case with most semiconductor probes, the same types do not

have identical temperature coefficients, so that a recalibration of the thermometer arrangement is usually

necessary when the probe is changed, However, there are selected models with very close tolerances and

probe assemblies that are directly interchangeable. In the latter case, a resistance (e.g. 3 ki) is

applied in series with the probe and a resistance (e.g. 30 k) in parallel with this series arrangement

so that the resultant R/T curve exhibits a somewhat lower temperature coefficient than the element
itself. The range of applicability of thermistors usually lies between the limits of approximately -100°c
and +300°C, but an individual type rarely has a temperature range greater than 100 to 250°C. Larger
measurement ranges often require a change of the bridge or different types of probes. Special types of

thermistors are available where the lower limit at the present time is approximately 10%K (approximately
-263°C), and the upper limit is approximately +400 to +450°C.

Because of their small size, thermistors are especially suitable for point measurements or for
determining the temperature gradients between closely spaced points.

The resistance curve of thermistors with respect to temperature is approximately exponential
(Figure 7) and can be expresgsed by the equation

Rx -a eb/T 3)
where "a" (in ohms) 1s a constant determined by the form and material and "b" (in %K) 1s a comstant

determined primarily by the materiai. The temperature coefficient can be described by the equation
: *

o = OR/(Ryg * AT) = -b/1? (3a)

and is typically -3 to -5%/°C (depending on temperature T).

In gpecifications, the resistance st is
usually given (i.e. R at 25°c or 298°K), as well as the b-value or the resistance ratio Rxl/RRZ 2c . ]

given temperature values Ty and T, (in °K). The connection between both definitions 1s expressed by
the equation

C e . oub/T - L)
sz Rxl e 1 2 (3b)

i

This equation enables us to calculate the resistance value Rz for any value of Tz (Reference 78). ;

The advantage of the large temperatura coefficient, which is approximately 10 times greater

than those of Pt and Ni resistances,can only be completely exploited when measurements are made in
good thermal conductors.

The self-heating in air is very great so that very small measuring currents
wmust be used in the probe.

As a result of the differences in construction of beads or rods in contrast
to wire-wound resistors, the fact that the current flow in the material is not uniform when there is a k

change in temperature or when there are large currents must be considered for all types of semiconductors,

since heat can only be absorbed or released at the surfaces*. For voltages of less than 1 volt at the

probe, the contact resistance at the pigtails must also be considered, since there is a relationship
between the voltage and the contact resistsnce (R-ference 78).

ek i1

Probes supplied with inexpensive connectors
often cannot be used to measure air temperstures for exactly this reason.

USSR CR I

In order to measure extremely low temperatures (Figure 8), elements of doped germanium can be
used (in addition to the special low-temperature thermistors mentioned previously) in the range from
approximately 1 to 40%k (approximately -272 to -233°c). Also carbon resistors can be used in the range
from approximately 0.1 to 15 or 20°k. Above approximately 23°%k (-250°C) these materials are not as good :
as platinum, both with respect to the value of their temperature coefficients and their stability, so '

#It could be that "recovery factors > 1.0" found in air with thermistors are bassed on this effect
(cf. Section 4.3.3.2).




they will not be discussed further in detail.

2.1.4 Construction of Resistance Elements

Because of the different requiremsnts (time constants, ability to withstand vibration or
chemical corrosion, etc.), or their relative importance in any individual application, construction
techniques vary considerably. Figure 9a shows & so—called open-wire elemsnt in which & platinum wire
is wound on a perforated coil form. Therefore, the wire is in direct contact with the gas or
1iquid whose temperature is to be msasured. This >lement generally has an excellant response time, a
small conduction error, and a small self-heating error. The gases or liguids must not be corrosive or
conductive, nor leave sediments behind. In the case of tubular elements (Figures 9b and 9c) the

resistance wire is protected and withstands high pressures, fluid speeds snd vibrations, and is less
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£ easily damaged by small foreign bodies. In the more expensive model, Figure 9b, the wire is hermetically
:% sealed between two platinum tubes, whereas in the model shown in Figure 9c, the wire has an organic coating
,\ and is embedded in ceramic. Since both the inside and outside of the tube is exposad to the medium, both
3‘} a good time constant and good protection of the resistance wire is obtained. Figure 9d shows a ceramic

: coated miniature element which must be protected against mechanical damage by a wire net or cylinder,

" but has a relatively small time constant as a result of its small size. Too high bridge currents can

y overheat this type of element. The well-type elements, Figures 9e, £ and g, protect best against fast

,’_ flowing, electrically conductive or corrosive 1liquids, even when there are heavy oscillations, by

enclosing the resistance wire inside of a stainless steel or platinuwn tube which is sealed at both ends.
These types are primarily used as top-sensitive elements for measurements in solid bodies and stem-
sensitive elements for measuremsnts in liquids and gases. The well-type elements that require a solid core 4
inherantly have very high time constants. In gtem-gensitive models without a core (Figure 9g), the time 3
constants are sharply reduced. In the case of flat elements (Figures 9h and 1, showing elements of
quadrilateral form*) the resistance wire is embedded in insulating material and housed in a thin metal
chamber (stainless steel, aluminum, platinum etc.). In some models, a metallic layer ig vaporized un the
insulation material, which,howaver, 1s quite subject to mechanical damage. Flat elements are mainly used
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to measure surface temperatures. For this purpose, there are special models in which the resistance
vire is sandwiched between two flexible pleces of resin-impregnated glass paper so that it can be wound
around small tubes.

The widely different types of element construction result,among other things, from the fact that
3 ; the thermal expansion of the resistance wire, insulation, coil forms and chambers must be as equal as
g . possible in order to prevent changes in the resistance by elongation (mechanical stress) of the resistsnce
] vire (similar to the effect of a wire atrain gauge). Otherwise, the calibration of a probe element would
be almost or completely non-reproducible. The required vibration resistance and the resistance value,
i.e. the required wire length, also are important considerations. Semi-conductor elements are manu-
factured in very different forms, e.g. as spheres (Figure 9k) or disks, spheres embedded in a glass bead,
layered glass laminates, or even in special mountings (Figure 10), and are characterized by their small
gize. Special models for use in aircraft have not yet been developed. ’ ;

R L

2.1.5 Construction of Resistance Probes :

When a resistance element, which is usually manufactured without a mounting and with loose lead
wires, is provided with a socket, a protective shield or a housing, and a radiation shield, it is known as
a temperature probe.

e st

The well-type probs is one of the most common types of construction. The types that are intended J
for temperature measurements in liquids and gases are made up of a long tube,s threaded base and a socket i

for the electric connection. The resistance element is housed in the rod-shaped protective tube and is
80 constructed that the temperature changes on the surface of the cylinder have more effect than those
at the upper end (stem-sensitive typr). Examples are shown in Figures 12a and b, There are models in
which a second concentric protective tube can be attached (as can be seen on the bimetallic thermometer
in Figure 1l1). This serves to reduce the radiation error, to channel the flow between the protective

tube and the elemant 80 that the recovery factor becomes larger, and to decrease the time constant with

*Cf. also Figure 94,
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respect to the temperature changes of the liquid or gas (see Section 4.3). For the same resason,
certain types are given a right-angle bend (Figures 12¢c and d) so that the air curreant flows parallel to
the temperature sensitive part of the surfacs. They are also manufactured with an additional radiation
shiald. Another type of construction, which is only used when meassuring air temperatures, is the

knife-edge-probe that is mounted perpendicular to the surface of the aircraft, but parallel to the air

flow (Figure 13b). Figure 13a shows & type, vhich was earlier quite common, that is equipped with a

protective housing that also serves to a certain extent as a radiation shield. A similar structure is

the flush-bulb (Figure 14). It is wounted flugh with the airplane skin, but thermally insulated from it.
The air flows parallel to its surface. This probe provides a relatively inexpensive method of measuring
the air temperature, but the measurement sccuracy decreases quickly as the speed is increased, even when

the mounting location is carefully chosen, since the temperature is meagured in the boundary layer of the
aireraft (cf. Sections 4.3 and 6.4.2).

All modern probes for measuring the outgide air teupeﬁture on aircraft are total tempersture
probes (TAT) wvith a tube shaped housing, which is mounted parallel to the free~flowing air outside the
boundary layer of the aircraft, and in vhich the resistance element is arranged concentrically (Figures
15, 16 and 17). 1In order to minimize dissipation of heat, the element is mounted on supports which have
a low thermal conductivity and it is surrounded by one or more concentric heat shields (cylinders) to
prevent heat loss by radiation. The lead wires to the element are also constructed in such a way that
they conduct and dissipate as little heat as possible. The air which enters through the open front of
the chamber is almost completely decelerated and the air is compressed nearly adiabatically. The
resigtance element measures the sum of the static air temperature and the temperature rise by
compression, i.e. the total air temperature, with only a small error, In order to minimize
the time lag with respect to the rate of temperature change, and the losses resulting frowm dissipation
aud radiation, openings near the rear or downstream end of the chamber provide a controlled air flow.

This flow rate reaches it's maximum value (typically 0.3 Mach) at an aircraft speed of 0.7 to 0.9 Mach
and remains constant at higher speeds.

In addition to the earlier type of TAT probe described above (Figure 17 left side), wodels with
internal air flow deflection ahead of the element (Figure 18) are used. In this case, the element is
arranged with its radiation shield perpendicular to the direction of flow, and the air is deflected 90°
before it pagses through the measurement element. Particles of water and dust can leave the probe housing
directly without coming in contact with the measurement element. This provides greater stability in
relation to external influences and also yields a significantly lower error of measurement when flying
in a rain storm. Most models can be wanufactured with a heater winding near the air intake to prevent
icing. Laterally arranged small openings allow the heated internal boundary layer im the probe housing
to be removed (boundary layer control) , so that errors in the measured temperature caused by the deicing

heatare kept within tolerable limits as long as the Mach number does not go below 0.3 Mach (for housings
with one element).

Two other types of probes for measuring temperatures outside the boundary layer of aircraft
are of historical interest. It seemed logical to counteract the temperature rise of the air by
appropriately lowering the temperature at the temperature probe element. Using an effect discovered by
Ranque as early as 1933, which showed that there is a decrease in temperature at the center of a rotating
gtream of air (vortex), probes were built with tangential and axial flows (Figures 19a, b and c), i.e.
the so-called vortex probes. These probes were used to directly measure the static air temperature.
However, the increase in temperature csused by a varying mixture of friction and compression was
compensatad by means of a temperature reduction caused by adiabatic expansion, and hence the desired
effect could only be realized exactly for one flight altitude and up to s certain speed. This was deter-
uined by the aircraft speed at which the accelerated internsl flow reachad the speed of sound. This
critical velocity was between 0.45 Mach or 300 knots at ses level and approximately 0.8 Mach or 350
knots indicated airspeed at 30,000 feet. Ewen at low speeds there were positive or negative errors of
up to 2% depending on altitude and on the probe design, with distributions of up to double that error.
Thersfore, this type of temperature ssnsor is seldom used because, among other things, there is no
possibility of deicing the probe (References 27 through 30).
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The other probe of historic interest, the su-called reverse flow probe shown achematically in
Fig. 19d, could only be used for temperature measurements at speeds up to approximately 100 or 15 knots,
and consisted of a cylindrical housing installed parallel to the air flow with a coaxially mounted
resistance element. The air stream flowing over the housing sucks air from the housing through a circular
slot near the nose, the principle of the jet pump. The air is replaced through the rear end of the
cylinder which 1s open. An almost constant internal rate of flow can be achiaved within a certain range
of aircraft speeds. This type of probe was also calibrated,so the instrument directly indicated the
static air temperature. Since it is almost insensitive to rain, snow, etc. it is still occasionally
used in flight meteorology and for aircraft icing tests. A new design (cf. Figure 19¢) for use on
helicopters (with speeds up to 175 knots) has the housing axis perpendicular to the air flow with two
lateral slots and one slot in the raar of the housing. This design is said to be very insensitive to
large angles of attack and also to be very insensitive to icing., It wilil still functibn even if one of
the lateral slots should be totally iced. As indicated above, deicing of probes by heaters introduces
excessive measurement errors at very low speeds.
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TAT probes to measure engine compreasor inlet temperature (Figures 20 to 22) must be
especially vibration resistant to minimize the possibility of parts breaking off and damaging the engine.
For this reason, and the need for low overall height, they may have relatively large errors (cf.

: Seccion 5.2). The simplest construction is similar to that of the well-type probe with a protective

i shield. However, a large aperture facing the flow and only small exhaust openings insure that there is E
3 3 adiabatic compression of the air at the element. In contrast to the hermetically sealed element 3
perpendicular to the air flow, shown in Figure 20b, the flow is parallel to the horizontal wires of the
open-wire element shown in Figure 20a. Figure 21 shows two probes mounted on a horizontal support for

measurements in lift engines. The probes shown in Figure 22 have much more favoreble characteristics.

These are intended for mounting in the wall of the air inlet (cf. Sectionm 6.1.2).
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Temperature gensors for measurements in s0lid bodies are showa in Figures 23a, b and c. They
are also well-type probes but have their greatest sensitivity at the end or head of the cylinder (tip
sensitive types), which touches the bottom of a cylindrically shaped bore in the body (cylinder head)
whose temperature 18 to b2 measured. The model in Figure 23c has a movable tip below a spring which
equalizes the elongation at high temperatures.
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For temperature measurements on surfaces, complete probes are not generally used, only
the appropriate sensing elements (see above and Section 6.1.4).
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2.2 Circuits and Indicators for Resistance Thermometers

2.2.1 Bridge Circuits

The resistance, and hence, the temperature of a resistance element can be precisely measured
in bridge circuits. The simplest form is represented by the half bridge shown in Figure 24a. It consists
of a precision resistance Rl connected in series with the temperature gensitive resistance &x' The
circuit must be supplied with a highly stable energy source, since changes in voltage enter directly J
into the measurement. The load can be applied either in parallel with Rx or in pasrallel with R1 ;
(preferable when the temperature coefficiant of the probe is negative). An arrangement of several half
bridges ccnnected in parallel to the same power supply does not permit exact measurements to be made
because of mutual coupling, especially when common returns are used.

ey

Full bridge circuits, which are variations of the Wheatstone bridge, are used much more often.
The mogt common type (Figure 24b) consists of 4 bridge resistances Rl. Ry R, and Ra. where Rx is
the resistance which varies with the temperature. The load resistance Rd is applied along the diagonal
and, depending on the application, may either be s galvanometer (used either as a temperature indicator
or a null indicator) or an amplifier input. The diagonal current I, has a specific magnitude and
direction depending upon the amount and direction of the deviation of the bridge from a state of
equilibrium, and the direction of the current is reversed vhen it passes through the point of balance.

Akt e CO

In the case of the so-called unbalanced bridge circuit, only the probe resistance varies
during the measurements, and the diagonal current is proportional to the change of the probe resistance
from the selected point of balance. The diagonal current can be calibrated directly in units of
resistance or temperature, but it must be remembered that the bridge arrangement is generally nonlinear,
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i.e, an absolutely linear calibration can only be obtained under certain conditions.

In the case of the balanced bridge circuit, one of the two resistances R} or R, that are

adjacent to Ry, is either manually or automatically adjusted during each measurement so that the
diagonal current becomes zero. The resistance of Rx‘ or temperature, is read on a scale for the

In the case of manually balanced bridge circuits, the load along the
diagenal Ry 1s usually a auii indicating galvanometer. In the case of self-balancing bridge circuits
: (servo indicators) on the other hand, Ra 1is the input impedance of an amplifier. The amplifier

: supplies power, proportional to the unbalance voltage, to a motor that adjusts the pftentiometer, R1 or

variable resistance R1 or Ra.

RQ, in the correct direction, so that the current or voltage along the diagonal becomes zero.

: The step balanced bridge circuit has characteristics between unbalanced and balanced bridge
H circuits. A temperature indicator having a relatively narrow range is used, and the variable resistance

R1 or RA' is switched as needed to keep the indicator on scale.
increased.
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Thus the accuracy of the reading is
However, an increase in the bridge supply voltage is generally needed, resulting in a
. considerable increase in self-heating of the temperature probe.

The resistance bridge can be supplied with either DC or AC power (usually 400 Hz). The latter
type of supply necessitates certain safety procedures to guard against pick~-up frow external sources,

e R

e Y TR T RS N
— ey

A totally different type of arrangement is constant current excitation shown in Figure 24c.
This type will be discussed in greater detail below.

2.2.2 Compensation of lLead Resistances

The probe resistance Rx is usually mounted some distance from the bridge so that the lead

resistances must be taken into account if the minimum value of the probe resistance is not at least 100

times larger than the sum of the lead resistances. In practice, this usually means that the lead

- resistances must be considered whenever the minimum resistance value of the probe is less than 300 ohms
: or whenever especially long probe leads are unavoidable.

. The lead resistances can be largely compensated by the use of a three-wire connection as shown
E in Figure 25a, whenever the lead resistances RLl and RL

the same direction by the same amount).

3 have the same magnitude (and always vary in
This techuique is used 1o full and half bridges in which the
resistance R1 is approximately the same as the average value of Rx' The lead resistance RL1
increases resistance Rl, and the lead resistance RL3 increases resistance Rx by the same amount.

The lead resistance RLz is in series with the load Ry and has practically no effect on the current

flowing through the diagonal if the resistance of Ra is relatively high.

it ol bk e e

The circuit in Figure 25b 18 uged whenaver R4 is the same as the average value of Rx or Rk

is adjusted to the appropriate value of Rx by a manual or servo arrangement. In this case RL1 increases
the value of RA and RL3 increases the value of Rx by the same amount; RL2 is in series with the
bridge supply voltage. If there are very good grounding possibilities at point M directly at the probe

and at point E, then the third lead (RLZ) can be eliminated; point N, however, must be insulated from
ground. In this way, a compensating effect can be obtained with a two-wire connection.
shown in Figure 25a, this technique (grounding point M) is not possible.

The compensated Wheatstone bridge shown in Figure 25c is seldom used. It requires a four-wire
connection between the bridge and the probe location, but only two of the leads are actually connected to
the probe. A four-wire connection is used much more often with a Kelvin double bridge, shown in Figure 25d.
This yields the best compensation of sll the circuits shown, but its sensitivity is less than that of a
simple bridge. For this reason it is most often used with an amplifier circuit. Its method of operation
is based on the fact that the lead resistances RLl. RL, and RL3 are in series with relatively large
resistances so that small fluctuations in the lead resistances are of little importance.

In the cirecuit

>
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The bridge is

also laid out in such & way that in its normal state, there 1s no current flowing through RL4. However,

if there are appreciable changes in the lesd resistances, then a curreat flowing through RL, sdjusts '

the potential conditions of the lower half of the bridge so that there is compensation of the effect of
the changes in the lesds.

In using the threa-wire compeunsation techniques (Figures 25a and b) there is true compensation

only when the lead resistances are sbsolutely equal (and change by the same amount in the same direction),

and when the bridge is balanced. In the case of unbalanced bridge circuits, the lead resistances must )
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be taken into sccount vhen calibrating the thermometer. Thus for example, an incraase in the resistance
of one lead by 4% (in this case = 0.02 ohms) in & bridge where the probe resistance is 50 ohms and the
lead resistances R.I.1 and Rt.s are esch 0,5 ohms, results in a measurament error of approximately 0.1%.

For speciasl cases where high lead resistances (in comparison with Rx) are unavoidable, special
bridge circuits, (e.g. the triple bridge, Reference 17) may be used to eliminate the effect of greatly
varying lead resistances. It must be noted that in all complex bridges the sensitivity always drops
to less than half that of a simple bridge. This means that amplifiers are usually necessary for sensitive
measurements, especislly when the self-heating of the probe must be kept low. These amplifiers must be
carefully compensated with respect to temperature in the case of unbalanced bridge circuits,

Figure 24c shows a special half-bridge circuit which uses constant curreat excitation instesd of
constant voltage excitstion. A self-regulating power unit supplies a constant current in the series cir-
cuit that consists of s tempersture probe L the lead resistances R.’Ll and ll.z and the calibration
resistance Rc. Since the current is slways kept constant, aven wvhen the resistances change, the voltage
drop across the probe resistance x: is a direct measurs of its resistance value, or its temperature.
Changes in the lead resistances have no effect, and the linearity of this circuit is better than that of
the others if the voltage at Rx is measured with separate lesds (four-wire connection of the temperature
probe) and with a high-resistance indicator (Reference 37). The calibration resistance serves to adjust

#50E HERRNRN AOERI R R
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; and monitor the desired current value. The stability of the curreat source must, however, be batter than
? 0.01% and good hum filtering should be provided, since the noise across the output in this case equals

‘_ the hum voltage. The circuit requires a power supply unit for each hLalf bridge. A variation with a

L suppressed zero is possible (Reference 84) but requires a second power supply unit with an extremely high

stability, batter than 0.001%,

2.2.3 Design of Bridge Circuits

When designing bridge circuits, there are always a series nf spec. ic conditions to be met,
which lead to very different methods of solution depending upon the given conditions and the purpose for
which the circuit is to be used. This fact explains the extremely large number of circuits in use, and
also explains the apparent contradiction of design rules found in the pertinent literature. For
measurements in aircraft, there 1s an additional series of conditions, which are at most merely hinted
at in the general literature and which may lead to incorrect measurements if they are ignored. Besides
the rougher environmental conditions such as temperature range, vibration, long leads, variations in the
aircraft voltage supply, etc., there is also the problem of the maximum permissible self-heating of the
probe by the measuring current, which must be taken into account.

|
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In addition to the indicator, a recording or telemetry output is also necegsary for the
thermometer.

When designing & bridge circuit, the following factors must be taken into consideration:

AR %

(a) The power digsipated in the probe registance Rx’ and therefore the self-heating error,
is always greatest for a given bridge supply voltage when the instantaneous value of
Rx is the gsame as the value of Rl (at a given temperature).

et Lo

(b) The self-heating error and the lead resistance errors are inversely proportional to
the resistance value of R, for a given supply voltage and a given ratio RIIB*.
Probes with higher resistance values for a given type yield smaller self-heating and
lead errors. i

(e) For a given type, wire wound probes with high resistance values (>500 ohms at 0°) :
usually exhibit a greater response time with respect to temperature chauges than those :
with low resistance values. Probes with extremely Ligh resistance values, e some
types of thermistors, increase the susceptibility of the circuit to insulatio. failures
(e.g. from corrosion) and pick-up from external sources (hum voltage). Since the
insulation resistance of all insulation materials is reduced at very high temperatures,
only probes with relatively small resistances may be uged for measurements at high

texperatures. If Jlow resistance probes are used, together with relatively high
resistance leads, they should be used with three- or four-wire conrnsctions. ’
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(d) Since all bridge circuits are nonlinear, the bridge output voltage is alvays a
nonlinear function of the probe resistance. The latter, however, is also a nonlinear
function of the tempesrature. Nsvartheless, when the bridge is designed appropriately,
a nearly linear indicator scale can be obtained, as long as the indicator range is not
extremely large.

(e) - Bridges with recording or telemetry outputs should be designed so that the connected
equipment has as little effect as possible on the calibration of the circuit.

(£) Changes in the environmental temperature of the bridge should not have any effect.
This can be achieved by using bridge resistors of manganin wire and all the connecting
leads of copper wire. In certain cases, the bridge resistances can be made using a
copper wire section and a manganin wire section. The use of constantan and other
metale, which in combination with copper generate an appreciable thermoelectric
voltage, must be avoided in all cases. Even the temperature sensitivity of the leads
connected to the bridge, including that of the instruments, amplifiers, etc., must be
studied and if necessary compensated for.

(g) The bridge supply voltage should be regulated to better than 0.1%, since voltage changes
yleld corresponding read-out errors. Exceptions are bridges with ratio meters, and
servo bridges.

(h) In addition to the requirements for high insulation resistances, extremely small
contact resistances in plugs, switches, potentiometer slip rings, etc., the usual

environmental requirements for aircraft equipment, such as vibration resistance,
must also be met.

When designing a circuit, it is therefore always necessary to compromise between requirements
that are to a certain extent contradictory.

2.2.3.1 Half Bridge Circuits

This circuit, which is usually used only for recording or telemetry purposes, consists
primarily of the probe resistance Rx and a series resistance Ry (Figure 24a), The use of a three~wire
connection is possible, if Rl is approximately equal to the mean value of Rx‘ For reasons mentioned
below, relatively high resistance probes are selected so that the effect of the leads is very small; in
this case, the magnitude of Rl can be any selected value. If the load Ry» which should be as high in
resistance as possible, is connected in parallel with Rl’ the relationships are more easily seen as
the magnitude of R, varles. It must be taken into account that the polarity of the output voltage
depends on whether Rd is applied in parallel with Rl or Rx’ and also d‘epends on whether the probe
temperature coefficlent is positive or negative.

In Figure 26a the ratio of the output voltage I.lA (across Rl) to the supply voltage Up is
given as a function of the temperature, when nickel probes are used (the curves would be similar for
platinum probes). The useful change in the output voltage is relatively small for Case I but is
increased by selecting higher probe resistances and lower values for Rl/Ro (Case II). In Case II, a
relatively high bridge supply voltage llB was aleo selected. In order to prevent excessive self-heating
of the probe by the measuring current, the maximvm bridge voltage i1s determined by the maximum permissible
power generated in the probe.

Example (refer to Figure 26a):

Range of measurement = 0 to 100°%
Probe resistance at 0°C R: (nickel element) = 100 ohms
Dissipation constant in flowing water = 112 wi/%
Permissible self-heating error = 0.2°%

Permissible power at the probe P = (112 . 0,2) = 22,4 mW = 0.0224 W

*When Ro = 100 ohms, the lead resistances will have a significant effect.
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Probe resistance at 100°C R, ., = 161.7 ohms
Maximm probe voltage at 100°C U)o VPR =19V
Resistance Rl = 1,100 ohms
Sum of R, and Ry, = 1,261.7 ohms
Bridge voltage U - le9 0 12617 4,85y

B 161.7
Since in this example, Rl is greater than Rx over the entire range, the maximum probe resistance

: value (at 190°C) must be selected for the computation of the self-heating of Rx' The voltage across Rl
5\ is approximately 13.61 V at 0°¢C and approximately 12,97 V at 100°C so that there is a useful change in the
5 output voltage AUA of approximately 0.64 V. Using a probe having a resistance of 1,200 chms at 0°¢ in
’ series with a resistance ILL of 4,000 ohms, and a bridge voltage supply of 18.7 V, AUA increases to

' 2.75 V. As previously stated, the given values are only valid when the input resistance Rd of the load
3 ‘ is significantly greater than R,.

y When thermistors are used, relatively high changes in the output voltage can be obtained even

i . when the bridge voltages are very small, in contrast with the above example. Figure 26b gives the
corresponding curves for a fixed value of 1\‘1 (10 kR) in geries with different thermistor resistance
values at 25°C (st); Figure 26c, howevaer, shows the curves for a fixed value of st (4,000 ohms) in
series with different values of R+ It can be seen that in spite of the nonlinearity of the R/T curves
of the thermiators, the output voltage curves can be made somewhat linear within a limited range. By
appropriately selecting the probe resistance st and the series resistance Rl. the very nonlinear

3 . portions of the curves (corresponding to large scale deviations) can be shifted beyond the desired

n . measurement range.

Table 2 shows several design possibilities for Rx and Rl in a thermometer circuit with
a measuring range of 0 to +100°C, and assuming 0.2°C is the maximum permisgible self-heating error ESH'
The self-heating (in °C/mW) cr its reciprocal value, the dissipation constant G(in mW/°C), and the time
constant T must be determined using the same measurement method (e.g. cooling water flowing at a rate
of 5 m/sec)., Maximum power Pmax is generated in the probe at the temperature where Rx and R, are
equal. Thus, the maximum permigsible bridge supply voltage UB is double the output voltage (across Rl)
at which me occurs (UA/UB = 0.5). Since the output voltage uA is measured across Rl’ the minimum
voltage value, when thermistors are used, occurs at the lower limit of the range, and the maximum value
at the upper end of the range. This pattern is reversed when nickel or platinum probes are used.

TABLE 2. LAYOUT OF BRIDGE RESISTANCES IN HALF=-BRIDGE CIRCUITS

R25 R‘1 G T ESH maAxX Pux UB max UA 4 UA
kOhm kOhm aw/°c sec oc oW v v v

10 10 0.2 2 4.8 0.,48-3,76  3.28 i

4 1 0.2 0.2 1.6 0.16-1,25 1,09 ;

15 1 1 0.2 0.2 3.0 0.30-2,4C 2.10 ]
100 75 1 0.2 0.2 7.6 0.76-6,08 5.32
(8) 0.1 1.1 112 6 0.2 22.4 14,85 13.61-12.97 0,64
(a) 1.2 4 112 6 0.2 22,4 18.7 15.3 -12.55 2.75

(s) Probe with nickel slement; resistance at 0°C,
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A comperison of the values shown in Table 2 for thermistors shows that larger ussful changes
in the output voltage A UA can be obtained, either by using probes with higher* designed resistances
(st) or types with higher digcipation constants and thus, larger time constants, In Table 2 the
output voltages of nickel probes are not directly comparable with those of the thermistors as the
dimensjons of the nickel probes are larger than those of the thermistors, as appears from the large
dissipation~constant., Same dimensions would have resulted in a much larger Up for thermistors
due to the greater slope of the R/T curve. The use of thermistors instead of platinum or nickel elements
is often recommended wher the measurement ranges are not too great and relatively high useful voltages
are required for small bridge supply voltages (e.g. 1.5 or 3.0 V), a: in the case with portable

measurement devices. However, thermistors are not generally recommended for aircraft measurements.

2.2.3.2 Full Bridge Circuits

For full bridge circuits with an indicator (Figure 24b), and for a given bridge supply voltage,
the output power available in the diagonal branch of the bridge, and, therefore, the indication of a
connected instrument, is greatest when the four bridge resistances Rx, Rl' Rz and R‘ and the instru-
ment resistance Rd Iin the diagonal branch are of approximately the same magnitude. However, when it
is necessary to avoid excessive self-heating errors, the maximum output power occurs when there is a
certain maximum allowable power dissipation in the probe resistance Rx’ and very different desigr rules
must be used. When there is constant power dissipated in Rx’ the output power increases with the ratio
R1/Rx, when there is a corresponding increase in the bridge supply voltage. Thus, if the ratio B.lle
is increased from 1/1 to 10/1, the output power in the diagonal branch is approximately doubled. When
the ratio is further Increased, the output power increases only slightly.

In the case of simple indicators such as galvanometers, the instrument resistance Rd is
appro::-i:ately equal to or less than Rx' In this case, an additional power increase of 50% can be obtairad
in the diagonal branch if the resistances R4 and R2 in the right half of the bridge are reduced by

a factor of one-half to one~-fifth. Further decreases yield no substantial power increase, and require
uneconomically high supply power from the source, By combining both techniques, a power increase of
approximately 2007 can be obtained in contrast to a design with equal resistances, for constant

power dissipation in Rx. The following are the approximate values for the optimum values of RE/Rx:

when Rl/R.x = 1/1 and Rl./Rx = 1/1, then Rd/Rx should be approximetely 1/1.
when Rl/R.x = 5/1 and R;/R = 1/1, then Rd/Rx should be approximately 1.8/1,
when RI/RX = 5/1 and RA/Rx = 0.2/1 then Rd/Rx should be approximately 1/1.

Even larger values of Rllkx or even smaller values of Ré/Rx have no significant effect on Rd/Rx'
Deviativas of R.d/Rx by a factor of 2 from the given ratios are not critical and have more effect
on the output linearity than on the sensitivity of the indicator.

In the case of balanced bridge circuits where negligible power is required in the diagonal
branch, the ratios Rl/Rx (and R2/R4) are often 150/1 or more, permitting & small amount of self-heating
and a simple circuit for the power supply unit, since in this case the current requirement of the bridge
circuit remains nearly constant. A high input resistance for the amplifier in the diagonal branch also
minimizes the nonlinearity of the bridge circuit and thereby makes linearization of the indicator
easier. (cf. also Section 2.2.5).

When a thermistor is used, the bridge must be halanced at the lower end of the temperature
range. According to Figure 26c ,the best linearity is obtained for the measurement range of 0 to +50°¢C
when a probe with a nominal resistance st of 4,000 ohms is selected and used with a resistance R1
wvhich alsc equals 4,000 ohms. The resistance R, is assumed to be 4,000 ohms so that R4 must be the
same as the value of Rx at 0°¢, or 11,400 ohms. With a bridge supply voltage of 1.5 V, the maximum
probe power is approximately 0.2 mW, {.e. the amount of sel{-heating remains smsll. When a 50 pA
indicator is used, it must be connected in series with a resistance of 10,000 ohms. The exact process of
calculation for this type of instrument, which exhibits excellent linearity, is described in Reference

*When using probes where Ryg = 100 k2, difficulties can be expecied with the insulation resistarce.
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80. Larger measurement ranges are hard to obtain with thermistors, since the improvement in linearity
by applying a resistance in parallel with the t.ermistor is very small. In this case, it is preferable
to use a silicon semiconductor with a positive temparature coefficient.

Linearization of the indicator is often unnecessary in bridge circuits when nickel probes are
used, since the nonlinearities of the nickel probes and those of the bridge circuits tend to counteract
each other. Increased linearization can be achieved by applying a resistance RP in parallel with Rx
(Figure 27a), the value of which depends on the design of the bridge branches and the diagonal branch,
Since this changes the balance of the bridge, either a relatively small resistance R must be applied

in series with the parallel combination of R and Rp, or one of the two bridge resictonces Rl or Rl»

must be appropriately reduced. Since the resiatances necessary for linearization tend to counteract the

lead resistince compensation effect of a three-wire connection, it is advisable to use high resistance
probes, e.g. 1,200 ohms.

When platinum probes are used, the nonlinearity of the characteristic probe curve and that of
the bridge circuit are added. For ihis reason, one can only try to keep the non~linearity of the bridge
circuit, and by the same token, the smount of self~heating, as small as possible, by using & probe in
wvhich the resistance is as high as practical. If a probe with a designed resistance of 500 ohms at 0%
is selected, Ra should be approximately equal to tiie value of Rx at the geometric center® of the
measurement range. The value of Rl must be ot least 2,000 ohms, and the instrument resistance Rd
should lie between approximately 1,500 and 2,000 ohms. Siace in the case of unbalanced bridge circuits
with platinum and nickel probes (or probes with similar characteristic curves), the point of balancek*
must lie at the geometric center of the measurement range if good linearity of the output voltage is to
be obtained, galvanometers with null at the center of the scale must be selected.

In order to measure temperature difference (Figure 27b), it must be noted that calibxation of
the instrument scale independent of the given temperature level is only possible when the characteristic
curves of temperature probes that are connected differentially are exactly linearized. Since the use of
a three-wire connection would be of little value in reducing the effect of lead resistances that vary in
magnitude, and the complete circuit would only be made unnecessarily complex, it is advisable to use high
resistance probes in this case also. Resistances of approximately 4,100 ohms applied im parallel with
1200-ohm nickel probes ensure the applicability of the bridge to the temperature range between -70 and
+50°C. When the mean temperature is at a higher level, the parallel resistances must also have higher
values corresponding to the higher probe resistances. For differential measurements, both probes must
have the same characteristics and especially the same time constants.

For temperature-rate measurementsg, i.e. mrasurements of the direction and rate of the
temperature changes, the circuit in Figure 27b is also used. In this case, the measurement is taken with
the probes mounted at the same point. The probes should also be as similar as possible, except they

must have time constants that are as different as posgible. Since very small time constsnts can only
be obtained with open-wire elements, which are only manufactured in low resistance models (nominal
resistance of 100 ohms is maximum), this is a case where a low resilstance probe must be used in a two-
wire connection. This is not as critical in rate measurements if both probes have approximately the

same lead resistances. In certain cases a lead-balancing resistance must be applied.

Excitation of bridge circuits in aircraft instruments directly from the aircraft puwer supply

(28v DC) through simple regulation circuits (e.g.a series resistance and a zemer dicde) is most convenient
as a source of constant voltage. In the case of constamt current excitation (e.g. through a varisble
resistance whose value depends on the current) there is a greater influence of the ambient temperature,
since more circult elements are usually required. When connecting bridges with telemetry circuits, the
stabilized voltage supply for the amplifier should be used &8 the bridge source in order to avoid

*E.g., for a measurement range of -70 to +50°C or 203 o 323%K, the geometric mean temperature
T, = V203 + 323 = 257% = -16°C.
**[,e, the point at which the bridge current is zero.
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uncoutrollable idle currents and pickup. If this supply voltage is toc high, it is advisable to reduce
it by means of & series resistance and a zener diode to the level best for the bridge, to take advantage
of the additional stabilization. In half-bridge circuits, varistions of the supply voltage appear
directly at the output terminals; in full bridge circuits they are attenuated by one-half; when using
ratio meters they are reduced by more than 90%; and in servo bridges, they do not appear at all (as long
as the normal operating limits are not exceeded).

In the initial design of bridge circuits, it must be remembered that practicel hints can only
partly replace experience and that prototype models must be subjected to time-consuming environmental
tests before they can be used in aircraft. Despite the higher costs, it is better to use industrial
signal conditioncrs (References 17, 18 and 19) for precision measurements with recording or telemetry
devices. The best solution 18 to use a servo-indicator (Figure 33) with two recording outputs (coarse
and fine) and a counter wheel indication (ecf. Section 2.2.6).

Whenever several tempersture probes are to be awitched alternately to a common bridge or
indicator circuit, a three-pole switch must ba used. Two poles switch the probe leads, and the third
pole switches off the Lridge supply voltage before the probe leads open and switches it on again after
the process is completed. Otherwise, there would be an overload and damage to the instrument, since the
voltage through the diagonal branch jumps to many times its normal value when a branch is opened. Figure
27¢ shows a circuit of this type with three probes.

2.2.4 Direct Indicators

In the simplest form of full bridges, the bridge resistances Rl, R2 and R4 remain fixed while
the circuit is operating. Figure 28a shows a typical unbalanced bridge circuit of this type connected
to a galvanometer. In order to obtain as linear a scale as possible over a large measurement range,

a galvanometer with a centered null point is usad. The buoadge supply voltage is stabilized with a
zener diode that has a very small temperature coefficient., Since this voltage is usually high enough,
for a bridge with approximately equal bridge resistances, to cause excessive self-heating of the probe,
a series resistance R; must be used, or the values of Rl and R, must be selected approximately

3 to 8 times greater than those of Rx and R;. In the latter case, the amount of self-heating varies
less than when the series resistance R:‘ is used. In designing this type of circuit, the wmost
sensitive indicating instrument available (e.g. +5 aV, Rd about 80 ohms), and at the gsame time a probe
with as high & resistance as possible (Pt 500 ohm or Ni 1,200 ohm), must be selacted. The bridge output
voltage is then adjusted so that the full deflection of the instrument is obtained for the desired
wmeasurement range. In the case of highe-resistance probes, the amount of self=heating is tolerable, but
is very high :or lcw resistance probes.

Figures 28b, c and d show direct indicator circuits utilizing ratiometers. In contrast to
galvanometers, ratiometers usually have higher measurement accuracies and greater resistance to
mechanical and electrical stresses. Their main advanutage, before introduction of the zener diode, was
that they were relatively unaffected by variations in the bridge supply voltage. On the other hand, they
require a relatively high current through the probes so that when using the circuit in Figure 28b, and
even more 80 the one in Figure 28c, they cause excessively high values for the self-heating error vwhen
measurements are made in gases, i.e. alr*. In some of the circuit diagrams of Figure 28, trim potentio-
meters are shown for scale balance and range expansion, but the instrument temperature compensation for
fluctuations of the ambient temperature is aot shown. Usually compensating resistances of manganese
wire, partly bridged by resistances with a negative temperature coefficient, are used.

2.2.5 Servoed Indicators

Self-balancing bridge circuits exhibit up to 20 times greater measurement and reading accuracy
than simple instruments utilizing galvanomesters or ratiometers, depending on the model and precision of
the balancing potentiometer, and whether an indicator with several dials or a four~digit counter is used,
This, however, presupposes linearization of the indicator scale (see below). Servocircuits with AC

*See Section 5.2.2.
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amplifiers and AC motors are generally used in aircraft. Until recently, DC systems in the same price
range had considerably higher drift rates than AC systems. Modern DC syatems, however, provide very
good results.

2.2.5.1 Servoed AC Bridges

When AC servocircuits are used (typically at 400 Hz) it appears to be simpler to supply the
bridge with AC power as well, so that an AC signal can be directly obtained in the diagonal branch,
vhose amplitude and phase relationship are directly proportional to the amount and direction of the
displacement from gero on the scale. Figure 29a shows a circuit of this type, with a linearized nickel
probe, in which the bridge resistance R‘ gserves as a balancing resistance. It is composed of a fixed
resistance and a linear potentiometer that is adjusted in such a way that the sum of Rb and Rz
is the same as the instantaneous value of Rx (assuming that R1 = Rz). When there is a displacement
from the point of balance, the unbalance voltage that occurs across the diagonal branch is amplified by
amplifier A and fed to an AC motor, which drives, through speed reduction gears, the potentiometer
Ri and an indicator on a temperature acale and/or a counter. Depending on the amplitude and phase
relationship of the error voltage, the motor turns the axis of Ri in the direction that causes the error
voltage to becomes less, and stops when the unbalance voltage reaches zero. The response characteristics
of the servocircuit can be improved by a generator that provides a feedback voltage, proportional to
motor speed, to the amplifier,

The use of AC power to supply the bridge has certain disadvantages. When the supply to the
probe is 400 Hz, inductive reactance of the probe is not noticeable (measurable changes in the calibration
are only apparent at frequencies above approximately 2 to 3 kHz), but stray capacitances to the aircraft
structure (50 pf is not uncommon) may affect the adjustment of the null point. Also, AC power voltages
(and VHF or UHF voltages) induced in the leads can cause false readings and can overdrive the amplifier
1f their amplitudes are large. When the frequency of the pickup voltage is near the bridge supply
frequency, the syetem can oscillate at the beat (difference) frequency; when the frequencies are equal,
there is a constant error which depends on the amplitude and the phase relationship of the pickup voltage.
For these reasons, the leads to the probe should be twisted, shielded and separated from AC power leads
as much as possible.

2.2.5,2 Servoed DC Bridges

When the bridge is supplied with DC power, the unbalance voltage of the bridge is often chopped
for use in AC amplifiers (Figure 29b). Modern instruments use only solid-state choppers for longer
reliable service. The other details are generally as described above. Stray voltages induced in the
probe leads would have the same effect as above. For this reason filters with high attenuation
characteristics (40 db at 400 Kz) are usually used at the bridge and chopper imputs., New types of
servoed indicators use DC differential amplifiers and DC motors (not shown in the figures), giving a lower
power consumption and higher accuracy. To avoid false readings during the operation of radio transmitters,
all chassis plugs are fitted with RF filters. In the circuit shown in Figure 29b, the alternate form of
the three-wire connection was selected for the probe resistance, and has the advantage that different
probes (e.g. Pt with 50 ohms, 100 ohms or 500 ohms nominal resistance) can be used by simply changing
the bridge resistance Rl (45 ohms, 90 ohms or 450 ohms), without having to change Rz, the potentiometer
Rz, or the calibration. The linearization of the indicator is achieved either by using a functienal
potentiometer or by an additional resistance Rs connected in parallel with a linear potentiometer
(Reference 15).

Figure 29c shows a slightly different bridge circuit that is only recommended for high resis-
tance probes of 500 or 1,200 ohms. Range adjusting resistors are connected in series with R2 and Ra
and the probe is only connected with two leads. Typically, the bridge is calibrated for a total lead
resistance of 5 ohms, and for a specified application, the lead resistances are adjusted to 5 ohwms with
the"lead adjust' resistance R,

The so-called "digital servocircuits", which have been developed during the last few years,
also operate with resistance probes, i.e. with an analog voltage at the input. They will not be dis-
cugsed here since up until now they have only been used as integral components of air data computers.
in contrast to the computing bridges which will be discussed next.
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All the bridge circuits that have been discussed so far have included no computing functions,
i.e. the indicator is exclusively dependent on the resistance value of the temperature probe. When
temperature measurements sre made in fast-flowing sir or other gases, the resistance of a well-designed
probe is an accurate function of total air temperature, but not of static air tempersture. By changing
the bridge resistance Rl as a function of Mach number (from flight altitude and speed) static
temperature can be computed and directly indicated (Figure 30s). Usually the resistance Rl is connected
in series with a function potentiometer Pl' which is located in a servoed Mach transmitter or more
frequently in an air data computer, and is adjusted according to the instantaneous Mach value. 4As a
result, the point of balance of the bridge in question shifts from a value corresponding to the total

temperature (TAT) to a lower value corresponding to the static air temperature (SAT) according to the
following equation

SAT ® TAT/(1 + 0.2 M%). (%)

When the ocutside air temperature is low, the difference between TAT and SAT at a constant
Mach number iz smaller than at higher outside air temperatures. This means that not all bridge circuits
are gsuited for the installation of a computing or function potentiometer. Figure 30a shows on the left
side a typical AC bridge circuit with Mach correction for indicating the static air temperature (SAT).
The servomotor that drives the linear follow-up potentiometer PA also drives another linear potentio-
meter P12' which together with a linear balancing potentiometer Pll" a second Mach function potentio~

meter P13 and a fixed resistance Rll' make up the bridge (on the right side of Figure 30a) of an
indicator for true airspeed (TAS).

Figure 30b shows a newer type of DC bridge circuit to indicate SAT in which only a two-wire
connection of the probe is poassible (i.e. no compensation for the lead resistances and hence, only a
probe with a nominal resistance of 500 ohms or higher should be used). The resistances in the left
branch of the SAT bridge, Rl' R3 ’ Rp and Rx. are chosen so that the voltage at point A is not a
linear function of temperature TT' but is proportional to the square root of T. This voltage is
applied to two non~linear, voltage-dividing poteutiometcts(?l for SAT and P13 for TAS), both of

vhich are displaced in proportion to the Mach number. The following voltage appears at the pick-off
of the potentiometer Pl

U, = U e VIp V0.2 e (5a/b)

and must be equalled by the voltage of the non-linear follow-up potentiometer P‘
Ul. = U T

so that the unbalance voltage in the diagonal branch of the bridge becomes zero. (For simplicity, the
constant factors in the above equations have been omitted). This circuit has the advantage that the
TAS indicator is independent of the SAT indicator.

Examples of the types of instruments discussed above will be given at the end of the
following section.

2.2.6 Bridges with Special Output for Recording

In this section, the concept of "output for recording" is always understood to mean an
output i{n the form of an analog voltage which is used as an input to a galvanometer in an optical
type recorder, a subcarrier oscillator in a telemetry system or an A/D converter in a digital tape
recorder. In servoad bridges an electrically isolated output for recorders can readily be obtained by
coupling transmitters such as potentiomsters, synchros or shaft position encoders to the servomotor.
In all nonservoed types of bridge circuits, with few exceptions, the two output leads have a specific
potential with respect to the aircraft ground, so that ground conditions must be carefully considered
to avoid short circuits or cross coupling, when connecting recording or telemetry devices.

In the case of thermometers with the usual types of simple indicators, it is alwost
izpossible to get an output for recording, if the case of the instrument cannot be opened. Connections
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to probe leads might be permissible (but not advisable) if extremely high resistance loads are used.
When connections can be made in the bridge circuit, an output for recording is readily obtained in the
case of bridges for galvanometer type indicators as is shown in Figures 31a and b. In each of these
examples, the indicator bridge has a resistance of approximately 100 ohms in each branch. For 500 ohm
bridges, all values would have to be multiplied by 5. In the diagrams, Rr includes the input resis-
tance of the recording device (e.g. recording galvanometer, subcarrier oscillator, etc.) since it must
be conditioned to the bridge. The simplest circuit is the series arrangesent of Ry and R, shown in
Figure 31a; in this case, however, the bridge sensitivity and hence the indicator calibration is changed.
In order to obtain the same calibration as before, the bridge supply voltage must be increased approxi-
mately 1.5 times, in vhich case the self-heating error for the probe R, increases to 220% of its
previous value. When the indicator is moved by acceleration forces, its galvanometer scts like a
generator, and pulse-like error voltages are generated that can invalidate the recording. A direct
parallel arrangement of Rd and Rr instead of a series arrangement is usually worse unless the

resistance of R: is high in comparison with Ry

Figure 31b shows a circuit in which Rd and Rr are differentially uncoupled by additional
bridge elements “52' RS3 and "55)' i.e. feedback from Rd to Rt and vice versa is impossible when
they are properly comnected. However, the bridge supply voltage must be increased to 200% of its

original value, in which case the self-heating error for the probe increases to 400X of its previous
value.

Figure 3lc shows the circuit of a commercial signal conditioner with a four-wire comneztion
of the probe, a Kelvin double bridge and a DC amplifier. It provides an output voltage of U te 1.4 VDC
or 0 to 5.0 VDC that increases linearly with the temperature. This circuit is not affected by changes
in the length of the probe leads (up to 30 meters), but should be operated at ambient temperatures
between +10 and +40°C if the errors are not to exceed iO.lo° vhen measuring temperstures between -50°C and

3 +100° C(References 17, 18 and 19). Similar bridge circuits sre also available without amplifiers. They
' deliver a maximum output voltage of only approximately 50 mV and require a highly stabilized supply
f voltage. In the case of recording or telemetry systems with multiplexing, self-manufactured half bridge

circuits or the previously mentioned bridge units without amplifiers can be connected through the
multiplexer to an AC amplifier with a chopper and a demodulator. Another pogsibility is co use the bridge
units with built-in amplifiers and connect their outputs to the multiplexer without subsequent

3 amplification. This last technique is quite expensive, but gives the greatest accuracy and is least
affected by external disturbances, since the signal level at the multiplexer is usually wmuch higher than
that of stray voltages. The most inexpensive, but most unreliable and inaccurate solution is the former, ?
where it is extremely difficult to avoid common mode problems.

In the case of servoed bridges (Figure 31d) one or several output shafts are usually available
to which a potentiometer l’2 (or even a shaft position encoder) can be coupled in order to obtain a
voltage for recording purposes that is electrically isolated from the actual thermometer circuit. The
resolution and accuracy of this type of recording output is not very high when a single-turn potentio-
meter with approximately 1% linearity 1s used. Better resolution is obtained with a second (fine)
potentiomster Pl (also single-turn) coupled so that it rotates faster, e.g. 20 times faster than By,
the one used for coarse measurements. If Pl rotates through 360° 20 times over the total temperature
range of -70%C to +so°c. there is a fine recording with 20 intervals, each being 120°¢/ 20 or 6°%. 1t
should be noted that potentiometers generally have a deadband of about 1/100th of a turn or about 3.6°%.
Since this would amount to omly 0.06°C, and the coarse recording is also available, this is considered to
be tolerable.
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Figure 32 illustrates several common temperature indicators with galvanomatars (G) ratiometers
(R) and servocircuits (S), of which the latter can be manufactured with an output potentiometer for
recording purposes. Figure 33 shows servoed bridges with digitsal indication for 100 ohm platinum probes.
They can be equipped with both coarse and fine recording potentiometers. The msasuremsnt range is ~100 :
to +100°C with an accuracy of t0.2°c. The instrument on the right in Figure 33 can also be switched for
SAT indication (wvhen connected to a Mach function potentiometer), operating in this case as a computing
bridge. Figure 34 shows other computing servoed indicators for single and combined indication of SAT,
TAT and TAS. They can all be manufactured with outputs for recording (potentiometer, synchro, etc.) and
be connected to a source of the Mach function, e.g. an air data computer.
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3. THERMOELECTRIC TEMPERATURE MEASUREMENTS

3.1 Thermocouple Probes

3.1.1 Thermocouples

A thermocouple is formed by joining (twisting or welding) two electrical leads made of different
i metals or metallic alloys. In each lead, the valence slectrons, which are free to move between the
crystal lattices, are under a "prassure" that is proportional to the temperature and the electron concen-

tration of the lead in question. At the point of contact of the leads, the slectrons diffuse through the
boundary layer between the two leads as a result of the "pressure differential”.

= W e 1o

Therefore, the one lead
loses electrons, i.e. becomss positive, and the other gains more electrons, i.e. becomes negative, and

an electromotive force ("contact e.m.f.") is producad. If the other ends of the leads are connected in
the same way, sn e.m.f. is also produced at that end in the opposite direction from the first one. The
e.n.f. 1s highest at the point of contact where the temperaturs is highest. The differance between the
contact e.m.f.'s, is proportional to the temperaturs difference, and csuses a thermocurrent to flow. This

phenomenon is called the "Seebeck effect”. In addition, a number of other effects occur (Reference 42)
but they are usually negligibly small in temperature msasurements+®.
3

P

Wheu & millivoltmeter is inserted at any point in the above-mentioned arrangement of two leads,

the Seebeck effact enables messurement of the temperature difference between the two points of contact.
If however, one contact is kept at a constant (reference) temperature, the instrument scale can be

calibrated to directly indicate the temperaturs at the other contact (thermocouple). The contact where

the temperature remains constant is called the "cold junction”, the other the "hot junction".

 Tahls S aid ol siie e

The Seebeck coefficient or sensitivity S of a thermocouple is S = AE/AT and is measured in
microvolts /OC. Table 3 gives nominal sensitivities near 0°c for various materials compared with

» platinum. The output voltage of two given materials compared with each other is obtained from the , E
: difference of the S values, e.g. chromel vs.alumel = (+25) - (-15) = 40 uv/°c. 2 3
“ TABLE 3. SENSITIVITY OF THERMOELECTRIC MATERIALS VERSUS PLATINUM , i
3 A ,
(a) Bismth -72 Microvolt/°C b
* ) Constantan -35 3
4 Alumel (and Nickel) -15 . 1
: Platinun 0 ) :
.. Aluminua +3.5 f
: Rhodium +6 k
Copper 46.5 :
Iron +18.5 “
] Chromel +25 i
1 (a) For purposes (a) Selenium +900

of comparison

i ST A

Table 4 is a list of the most important thermocouples and their characteristics, including
information on the limiting temperatures, which when exceeded cause oxidation or reduction.
limiting temperatures, unprotected thermocouples cannot be used.

At these
When the Curie point for nickel is . :
exceeded, there is no effeact on the resulting thermoelectric voltage as contrasted to the effect on

resistance change with temperature, since the former depends on the electron concentration. Figure 35
gives representative values for the thermoelectric voltage as a function of temperature difference for the 4
most often used thermocouplas ovar the range where they are primarily used. The actual values for

thermocouples from different companiss vary somevhat, depending on the material used and the way it is
treated.

3.1.2 Construction of Thermocouples

Just as in the case of the resistance probes, different requiremants (time constant, vibration

resistance, corrosion resistance, etc.), or their relative importance in a given application, necessitate
different construction techniques for thermocouples.

*Exceptions are discussed in Section 3.2.
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Figures 36a through d show "open" elemsnts (exposed hot junctions). The first one (Figure 36a)
is made of a single lead thermocoaxial cable; the center conductor is constantsn wire and the outer :
conductor is copper tubingz. More typically two insulated wires are used, and they are joined at the
hot Junction by twisting or better yet, by welding or silver soldering. When measurements must be made
in a medium that is moving at high speeds, or if the elsment must be mechanically protected, an open
element with s protective shield (Figure 36g) is used. In all the previously mentioned types, the medium
to be measured is in direct contact with the thermocouple so that as a result of the small mass, very
small time constants are obtained.

&

.;;E .'“-tf;". 4 723“

For use in media at high pressures, or il the medium is corrosive or an electrical conductor,
the thermocouples must be housed iu sealed tubes (Figures 36e and f). In these well-type elements,
the wires are often welded to the tube and hence grounded at the contact point (Figure 36e). This
normally excludes any arrangement of several elemants in parsllel (for indication of mean temperature
with a single instrument), but yields smaller time constants than the well-type elements with an
ungrounded junction shown in Figure 36f. Examples of another type of open element, the so-called foil
thermocouples that are used for surface temperature measurements, are shown in Figure 37, They are made
of flat ribbons, and are provided with temporary carriers of polyamide film. These elements are directly
attached to the surface with a ceramic cement and are sometimes sprayed with a protective ceramic
coating.
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3.1.3 Construction of Probes with Thermocouples

T BT S T i AL DA R R T AT
© i B

If a thermoelement is equipped with a threaded or bayonet fitting, some other type of fitting,
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or even a housing, the arrangement is usually called a thermocouple probe. In contrast to the
resistance probes which are usually provided with an electrical connector, the thermocouple probes have
lead wires without terminals, eyes or even connectors with pins made of the same material as the element.

bt

Depending on the purpose for which they are used, there are numerous types of probe
construction, so that only examples of the most important types can be given hare. Probes for measurements
in liquids and gases are usually cylindrical in shape (Figure 38a), and the threaded fitting is often i
manufactured with a clamp so that the immersion depth of the element can be adjusted (Figure 38b). The
element itself may be open, equipped with a shield (Figure 38a) or closed (Figure 38c). Figure 38d ¥
5 : shows an open model with two separate thermocouples, one of which can be used for individual measurements, ”
‘ ' and the other for obtaining average temperature values when connected with other elements.

< et g -
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For measurements in a rapidly moving gas stream, the gas temperature probes (TAT or stagnation
probes) shown in Figures 39 and 40 are used. They are always open elements and the housing usually has
large intake openings, but small exhaust openings, so that the entering gas stream is adiabatically A E
compressed. Figures 39a and 39b show simple models; Figure 39¢, however, shows & model that is better
suited for measurements in high speed gases, e.g. exhaust gas temperatures. In order to measure the
outside air temperature in supersonic aircraft, where stagnation temperatures can be +150%¢ or higher,

special types must be used. Figure 40 shows a moucl with two concentric radiation shields in the housing
wvhich significantly reduces the otherwise relatively large radiation error.

Finally, Figure 41 shows various probes for measuring temperature in solid bodies and on surfaces.
The one in Figure 4la*is a special spring-loaded model for measuring the temperature of the cylinder head
of an aircraft engine. The spring presses the enclosed probe element against the bottom of a bored hole ) 4
! in the cylinder head. Figure 41b shows a semi-open probe with a threaded fitting designed to measure the
) temperature of brake drumg. Figure 41f shows a clamp type probe which can be mounted on a pipeline. The : 3
gasket probes shown in Figure 4lc and d are mounted like gaskets under spark plugs or screws. Figure 4le
gives & front and side view of a probe that is riveted into a hole in the surface whose temperature
is to be measured.

At this point, it must be mentioned that there are a number cf other special types of probes,
e.g. those that are more applicable for directly measuring the heat flux from and to surfaces, rather
than for temperature measurements (see References 91 through 94).
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3.2 Connecting Wires and Extension Leads

In Figure 42a, two leads x and y wmade of different materials are shown, which are connected
to each other at points Pl and Pz by welding, twisting, etc. When Pl and Pz are at different
temperatures ('l‘1 and Tz). a current is generated that is proportionsl to the temperature difference.

The direction of the current depends on whether Tl is greater or less than Tz. A temperature difference,
therefore, produces an electromotive feorce (thermal e.m.f.), if this temperature difference occurs be-
tveen two points of contact of different metals. Temperature gradients anywhere within lead x or lead

y will have no effect if each is made of a homogeneous material*.

In thermocouple circuits, symmetrical connection points (or even lines) of a diZferert
material can be arranged differentially without consequence as long as these points (or the connection
points of the lines) are at the same tempersture (i.e., as long as the voltages that are generated at
the points where the two different materials are connected are cancelled), Hence, if one of the
conductors shown in Figure 42a ls brokea and a millivoltmeter inserted (Figure 42b) with leads made of
material z (e.g., copper) and both points of contact (P3 and Pk) of the broken lead are kept at the
same temperature, there is no effect on the thermal e.m.f., although two new ~ but differentially
arranged - thermocouples P3 and PA have been formed. Their common temperature T3 can be different
from Tl and T2 and even from the tempersture at the instrument, since in the latter case the tempera-
ture gradients appear in similar leads (both of material z). If however, points P3 and P“ were at
different temperatures, their thermoelectric voltages would no longer cancel out and the resulting
thermoelectric voltage of the circuit would be equal to the algebraic sum of all the individual voltages.
This is equally true for a point PS’ which per se must have a single temperature, and it can also be
considered a diffevential connection, y'/?5 to Psly. This circuit (Figure 42b) is useful for measuring
temperature differences or rate of temperature changes** (cf. sect. 2.2.3.2).

Usually, it is desirable to directly measure the temperature Tl at point Pl' in which case
the circuit shown in Figure 42c¢ is better for several reasons. Iustead of opening one lead and using
two thermocouples, point Pz is opened and the instrument is connected to points P2 and P3. Again,
two new differentially arranged thermocouples have bean formed, and their temperature must be equal. If
this temperature Tz is kept at 0°C as a reference tempperature, using for example a container with
melting ice, then the temperature difference AT betwean Tl and Tz would equal Tl in %c. 1f
on the other hand, a thermostat is used to keep Tz at +40°c, then AT = Tl - 40°, The indicator
scale must then be shifted by +40°C 80 that instead of the temperature difference, the temperature
Tl = AT + 40°C is directly indicated. In aircraft, another type of reference point formation is often
used (see below).

When the leads of the thermocouples are short and relatively high temperatures are to be
measured, e.g. temperatures in an engine, it would be difficult to maintain a constant temperature at the
Junctions Pz and P3 because of the large fluctuating temperature gradients between the engine and
the indicator. 1In this case, points Pz and P3 have to be moved, using so-called extension leads,
to & more favorable position with points P12 and 213 as reference points (Figure 43). The extension
leads x' snd y' wmust, however, be made of the same material as x and y, otherwise additional
thermoelectric voltages are generated., In other words, Chromel-Alumel thermocouples are lengthened
wvith Chromel-Alumel lesds. The tie lugs at Pz and P, can be wade of any material v and can be
at any temperature with respect to Tl and T3 (and also with respect to each other). It is essantial,
however, that the junctions x/w and w/x', as well as y/w and w/y', are at the same temperature, sc
that there sre no parasitic thermoelectric currents. This condition does not always hold true in plug
type connectors or in junction boxes, and it is advisable to use special inserts of thermoelactric
saterial, or a parallel arrangement of the input and output leads for approximately 10 cm and then
tvisting them so that they will be close to the same temperature.

#Cf. below the effect of heterogeneous leads.
*%Non-linear thermocouple output voltages must be taken into account.
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Figures 43c and d illustrate rather drastically the effects of temperature gradients in the
extension lead connections. The connection points Pz and Pé. as well as P3 and P!, are assumed
to be terminals that are connected with lead material w, In the extreme case of Figure 43¢, the
entire thermocouple x-y 1s at the same temperature and, hence, there is no thermoelectric voltage
between Pz and P3. There is also no voltage between P, and P)

20 OF between P3 and P!, despite

3
the large temperature difference (bacause of the two similsar leads w), although there are voltages

between Pi and P12 as well aa between Ps and P13' Figure 43d gives an extrems example of the

reversal of current that can occur when the measuring point is cooler than pointe closer to the instru-
ment (Reference 43),

When leads must be quite lcng, Chromel-Alumel thermocouples are often lengthened with copper-
constsntan leads to reduce circuit resistance, if the temperature of points P

o and P} in Figu.: 43b
is not more than approximately +65°C. This can result in a comsiderable reduction in weight where a
large numter of thermocouples are used, but at the expense of messurement accuracy. In the case of

platinus and platinum-rhodium thermocouples, extension leads of copper or copper-nickel alloy are

usually used for eccnomic reasons. The thermoelectric voltage of these extension leads with respect

to this thermocouple remains small within a limited temperature range.

e e e 4 e ey N DTS ot s R DGR Ty S

Thermocouple circuits (in contrast to those utilizing resistance elements) are characterized by

measurement errors that easily occur as a result of parasitic voltages or currents, which oftea cannot
be detected by the indicator or are difficult to explain in the case of faulty indication values.

Special attention must be paid to the correct polarity of the extension leads when the thermocouple circuit

is wired. Parasitic currents are particularly troublesome when several thermocouples are connected to a

single indicator through a selector switch, if the latter is not bipolar. The insulation resistance of

thermocouples to ground is low at very high temperatures, and well-type elements with a grounded
Jjunction yleld undefined conditions in the case of single-pole commutatiom.

Since the current in thermocouple circuits also depends on the resistance of all the leads
(x, x', y, y*, 2, w, atc.) the calibration of a particular indicator (such ss a millivolt-meter) is

only exact for a certain total resistance value, to which the circuit can be adjusted by means of a
trim resistance. This adjustment, however, only holds for the lesd temperature existing at the time
vhen the circuit wvas adjusted. The effect of the lead resistance is negligible in the case of

currentless measurements taken with a servoed instrument (see below).

In thermocouple circuits, there are a number of other effects besides the Seebeck effect;

e.g., the Peltier effect, the Thomson effect and the Joule effect (cf. Reference 42) are negligible

when currents are relatively small. On the other hand, the Becquerel effect can be very large. Locsl
material dissimilarities in the extension leads can generate significant parasitic e.m.f.s in the eircuit
when there is & temperature gradient (Reference 42) even when servoed instruments are used. For this
reason, complete accuracy of the thermocouple circuit can only be achieved when the temperature distri-

bution at the time of the calibration can be exactly reproduced in all the leads. This is almost

impossible in aircraft. Errors can reach :2°C. especially when leads are made of iron or constantan.
For this reason iron-constantan thermocouples are rarely used any more in aircraft. Logal deformations
of thermocouples and leads can also produce heterogeneocusness and must be avoided.

Welding of thermo-
couple contacts is therefore better than twisting.

When the depth of immersion of the element is
changed, heterogeneousness caused by temperature can have a strong influence and for this reason the

depth of immersion should not be changed at later stages.

Vibration effects can

produce noise voltages of up to 100 microvolts in thermocouple=
circuits with freauencies from 10 Hs to 5 KHs, dependent on the rate of rotation of the engines.
These noise voltages are therefore equal to or greater than the useful signal at low temperatures

(e.g. at the engine air intake point). Servoed indicators are usually equipped with an input filter,

which filters out these voltages (and 400 Hz stray voltages). However, servoed instruments utilizing

resistance probes are usually more accurate at temperaturas below 200°C and cost the same (Section 5.3),

In the case of hone-made thermocouples, the aging effact which changes the calibration
after a specific period of operation must also be given consideration; thermocouples in commercial

probes are usually pre-aged. In the case of open thermocouples, special attention must be given to
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chemical and physical effects which limit the life of the thermocouple at high temperatures by
absorption of gases, reduction or oxidation, and other processes, depending on the material of the
elements (cf. manufacturer's specifications).

3.3 Indicators for Thermocouples

3.3.1 Direct Indicators

In the case of all thermocouple indicators, the accuracy is directly dependent on the arrange-
ment of the temperature reference point. In simple on-board aircraft instruments (Figure 44), the refer-
ence point 1s located at the compensated indicator (a moving coil millivoltmeter) so that the thermo-
couple extension leads run directly to the instrument housing. The positive connection is made of
bronze for copper-constantan and chromel-alumel thermocouples, and of irom for iron-constantan thermo-
couples. The negative connection is always made of constantan. The wiring in the instrument utilizes
iron or copper wire, and constantan wire. Since the temperature of the instrument, and thus the refer-
ence point, depends on the cabin temperature, the thermoelectric voltage will also change with cabin
temperature. A bimetallic spring mounted on the moving coil device, and a resistance with a negative
temperature coefficient in series with the copper coil, provide compensation for changes in the cabin
temperature. Since the millivoltmeter requires a certain current, different lengths of extension leads
would yield different scale calibrations. A trim resistance of constantan wire is connected in series
with the negative extension lead, and is adjusted so that the total extermal resiastance is that for
which the instrument was calibrated (e.g., 8 * 0.05 ohms). A measuring device of tkis type has, in it-
self, a permissible tolerance of +10°C for a measurement range of 0 to 1,ooo°c.

The zeasurement accuracy of the above arrangement cannot, of course, be very high. Separating
the temperature reference point from the instrument can result in considerable simplification of the
design (since no special plugs are needed for the extension leads, etc.) and a considerable reduction in
cable weight in large aircraft (since copper leads between the reference point and the indicator can be
significantly smaller in diameter with the same resistance than, for example, chromel-alumel leads).
Instead of a thermostatically controlled reference point (Figure 45), the use of a cold junction
compensator (Figure 46) is preferred in aircraft. The latter utilizes a bridge circuit that is supplied
with a regulated voltage source and consists of three normal resistors and a temperature sensitive, semi-
conductor resistor. The bridge output terminals are connected in series with the thermocouple and its
extension leads, copper leads and indicator. The bridge output voltage is proportional to the reference
point temperature and is used to compensate for the undesirable change in the thermoelectric voltage.
Even in this thermometer circuit, the lead resistance must be adjusted to the value for which the
indicator was calibrated.

Figure 47a shows a thermometer arrangement with several measuring points and a common cold
junction ecmpensator. The latter must be at the same temperature as the terminals of the thermocouples
(or the terminals of the extension leads). This ugually requires a considerable amount of copper

wvire between this point and the commutator. In this case especially, a separate trim resistance is
needed for each thermocouple if exact measurements are to be obtained.

Figure 47b shows 4 thermocouples in parallel to measure an average temperature (e.g., turbine
exhaust temperature}. In this case also, separate trim resistances rather than a single resistance
should be used for each thermocouple for maximum accuracy, since the internal resistances of the thermo-
couples can be different.

All methods that measure a current generated by the thermocouple, rather than the unloaded
thermoelectric voltage, have the disadvantage that resistance changes in the leads (as a result of iead

temperature changes during flight) can produce large measurement errors. The magnitude of the errors
depends on the ratio of the trim and lead resistances to the other resistances of the circuit.

3.3.2 Servoed Indicators

The effect of lead resistances can be eliminated if measurements are made when no current is
flowing, as in the "potentiometer' circuit shown in Figure 48, 1In this type of balanced bridge circuit,
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the thermoelectric voltage is balanced with a variable voltage across th: diagonal branch of the bridge,
the magnitude of which is manually adjusted by the potentiometer R_. A temperature indicator is
coupled to the wiper of the potentiometer. Since the characteristic curve of the thermocouple, i.e.,
the thermoelectric voltage as a function of the temperature, is non-linear over a large segment of the
range, a non-linear potentiometer is usually used, and given segments of the temperature range can be
expanded b§ changing bridge elements. The thermoelectric voltage and the voltage across the diagonal
branch of the bridge are equal when the gensitive, series-connected meter is zeroed. Temperature
measurements, however, are only correct if points P12 and P13 are at the reference temperature. The
eircuit gshown in Figure 48 can be combined with the circuit shown in Figure 46 by replacing the resist-
ance R3 in the former circuit with a temperature sensitive resistance so that variations of the bridge
temperature, which is also the reference temperature in this case, are automatically compensated. Since
the type of temperature indicator just described requires a manual setting for each measurement, it is
used almost exclusively as a test device. Accuracy is typically 10,12 of the temperature measurement
range.

In the case of a servo indicator, as described in section 2.2,5, the zero indicator in Figure
48 is replaced by a servo circuit (Figure 49). The filtered DC error voltage is converted into an AC
voltage by means of a chopper and is then amplified and fed to an AC motor. The motor, through gearing,
turns the wiper of the potentiometer Rp until the difference between the thermoelectric voltage and
the bridge voltage becomes zero. At this point, no current flows in the thermocouple circuit, and hence,
the lead resistances have no effect on the point of balance. The angular position of the bridge poten-
tiometer (which is wound non-linearly to match the noﬁ-lineat characteristic curve of the thermocouple)
indicates the temperature at the thermocouple on a scale. In this type of temperature indicator, the
temperature reference point is usually in the indicator housing for practical purposes, and thus, the
extension leads run to the instrument. Only newer models with an input f£ilter should be used in order
to eliminate 400 Hz pickup and noise voltages caused by vibrations. Servo instruments usually have an
accuracy of $1°C between 500 and 1.oco°c.

Figure 50 shows several common types of indicators for thermocouples. The series on the left
utilize simple millivoltmeters and the series on the right are servo instruments. The latter are manu-
factured with expanded partial ranges, with two pointers or with an additional counter wheel indicator
to improve scale resolution.

4, HEAT TRANSFER AND TEMPERATURE RECOVERY

Every type of temperature measurement is based on the heat exchange processes betveen the
temparature probe and the medium which is being measured. In sddition, there is also the undesired heat
exchange with other media which must be eliminated as much as possible. Ona characteristic of every
type of heat transfer is the heat transfer coafficient. When taking measurements in rapidly moving
media, there is also a temperasture rise caused by the transformation of kinetic energy into thermal
energy, the relative magnitude of which is described by the so-called recovery factor. Since these
factors are functions of a large number of parameters, knowledge of the most important processes in
heat transfer facilitates sealection of the correct measuring points and the optimum type of measurement
probe, and also helps in evaluating and interprating the measurement results, The following brief
discussions are intended only to introduce some of these factors. More datailed treatment of these
subjects can be found in the following references: 1 through 13, 22 through 24, 44, 46, 48,99A and 99B,

4.1 Modes of Heat Transfer

The following considerations hold, on tha ona hand, for the heat transfer between the
temperature probe as a solid body and the medium which is being measured, be it a gas, liquid or solid.
On the other hand, they also hold for the heat transfer between the medium and the structure of the
sircraft, in which case, the temperature of the aircraft structure can influence the temperature of
the medium to be measured (e.g. the outer skin can affect outside air temperature and piping
can affect oil temperature.)

Heat transfer within s medium, or between two different media, can take place in the
following ways (Refarence 99B):
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(a) Through heat conduction: This is a transfer of kinetic energy from high energy molecules
to low energy molecules within a medium or between two media in direct physicsl contact.
There is slsc s material exchange by molecular diffusion between two gases or liquids
vhich corresponds to Brownian movement,

(b) Through convection: This is & type of hsat transport by relocation of microscopic
particles and is based, in the case of natursl convection, on a difference in density
resulting from temperature differences. In the case of forced convection, howsver, the
flow is the result of mechanical influences.

(ec) Through radiation: This ie a heat transfer process without a material carrier, but by
uneans of wave energy, primarily through infrared radiation. It can pass through
transparent media, but can also be reflected at the boundary surfaces, or be sbsorbed by
the media and thus be reconverted into heat energy.

All thres typas of heat transfer can occur either individually or combined,

Table 5 shows the connection beatween the most important terms in thermal technolegy which can
be inserted into the formulae with the units referred to the quantity of heat or work (Joules) or
referred to the electric power (Watts), In order to convert from the thermal system of units (calories)
to the electrical system and vice verss, the thermal aquivalent 1 cal = 4,185 Wsec = 4,185 J can be
used, In the case of heat transfer, a specific thermal power P aquals the heat quantity Q per
unit time t that is transported within a substance or from one substance to another. The traneferred
heat quantity increasee¢ vhen the thermal conductance G is increased or the thermgl resistancs R
(equal to 1/G) is decreased, for a spacific temperature difference AT,

The magnitude of the conductance value in this case is not only conditioned by geometrical
dimensions (length, area, etc,) and the material properties (thermal conductivity, specific heat, etc.)
but primarily by the type of heat transfer and energy increass (energy of motion, heating power, stc).
Table 6 gives the general equations for the heat transler processes,

4,2 Heat Tranefer bstween Immobile Materials
4,2,1 Heat Transfer betweaen Solids

The hest transfer between two solids, vwhich are directly adjacent to each other and are

surrounded by a single extremely good layer of thermal insulation occurs only through conduction and is
dependent on:

(a) the temperature differential AT of both bodies.

(b) the geometric dimensions (length L and diameter d, etc.).

(c) the specific thermal conductivity k of both adjacent surfaces.

Heat transport within a material (e.g, along & metal rod) with a cross ares A is described
by the aquationt

Q--:-'A‘t'AT (6)

The heat transfer between two solids (1) and (2) on the other hand, must pass through the
series arrangement of the thermal resistance of the material (1), the contacting surface ('b) and the
usterial (2), Thus, we obtain the following equation:

1

CEThTg ?
o
1 &k

The thermal resistance is heavily influenced by the degree of contact between both solids (e.g§.
ad)acent position, welding, soldering or cementing, possibly with metallic additive to the cement) and
also by the presence of somas sort of interference, a.g. air, oxide or other intermediate layars. When
there is no common insulation around both solids, a hest exchange of each solid with the atmosphere
occurs through conduction, convection and radiation, (see bslow). Calculation of the processes in alil
these cases is circumstantial and inexact.
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TABLE 5. TABLE OF MEASUREMENT UNITS

Thermal Power

[ Plw] = [irgd

Heal { Quontity)
e~ E LY

ol =[w.g

Heot Capacity

ClzH) [W-s/"KJ =[JI°Ia

INTERNATIONAL SYSTEM OF UNITS

~&  Thermal Conduyclonce Time Time Constant Specitic Heat
G{W/oK] =[J /s . oK] t[s T (s] \ C.Cp,Cy[W-5/kg-°K) = [J /1g. 0
f_ AR : (] ) Cuols'o[W-s/m"K = [dm3nK
Thermal Resisiance - - \ —
Ri=1/6) [oK; w] =[’°WJJ Tcmrgg‘cgure D’Z?'ESM' Temp, \ [_a'(zan =Cp/Cy
\
{ \
Thermo Conduciivity Mass \ Speed
k(=0 (W/meKT=[J7m:s. o] m [kg] \\ Vim/s
. LR \ )
Héal Transfer Coetficient Lengih Diomeier v Dynamic Viscusity
. h!.-.u)[Wm‘ﬂKj:[J/m*m-qg x[m] d[m] - plkg/m-s]
\
Surface Cross Sect. Area \\ Pressure Ditterential Press,
§ [m?) A [m3

\ [pla/msTq.q. fam52]

\
Volume Densit
v [m¥] - ?[kglm’_]
0={N /m‘]

TABLE 6. GENERAL EQUATIONS OF HEAT TRANSFER

Heat (quantity)
Q=c¢c.m, AT = ¢ .v.AT = C.AT
=h.5.4T.t = G.AT.t = P.g

Thermal conductivity = 1/thermal resistance
G=h.5= /R

Thermal power
P=Qt=h.5.4T =G.aT = (1/R). AT

Differential temperature
AT = T, ~ Iy

Differential temperature, kinetic heating
AT = T, ~T; = r.V.’/(Zx.J.cP) =T;.r.(0.5Xy ~ 1), M2

Conduction, heat transfer
Q= he . S.AT.t = (k/d). S.AT. ¢
Natural conve .tion, heat transfer
Q= h .S AT .t = (K,.(AT)"] .S.aT .1 = K, .5.AT%

Forced com ection, heat transfer

Q= h .85 AT.¢ = Iikgdy). Nu) . §. AT .t
= (kg/dy'.b. Ren . pro3l

Radiation, heat transfer
Q=hy.5.a8T.¢ = K, ce 0. 8(T* —T%) .t

Cambined hegt transfer (parallel)
Q = (hp +h, +hg). 8. AT . ¢t

Combined heat transfer (in senies)
Q = /U, + 1), + 1)) . 5. AT ¢

Time constant
T=CG=R.Ca m.CYh.S)
= (pe.cp.dp)4. he)

Nusselt number
Nu = b, ReMm, ppan

Reynolds number
Rey = (ofug) . Vg . Xy ; Reyg = loglug) . ve . xy

Prandt) numbwer
Pr= Cpf - Mrlks = By)(9y - §) & U.72 for sir and exhaust ns

Indices: (), State I or Objert )
{ )2 State 2 or Object 2
( )p Conduction
( )x  Radiation
{ )y Natural convection
(). Forced convection
( ) Gas or Ruid
( )y Solid body
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4.2.2 Heat Trantfer between a Solid and an Immobile Gas or Liquid

In this case, two types of heat transfer are possible: through thermal conducticn and/or

radiation. When measurements are taken in immobile liquids or gases (moderate and high density), heat

transfer through direct theimal conduction between the probe and the liquid plays a primary rcle, i.e.
this case correspouds to that of heat transfer between two solids (see above).
gases (because of the lower thermal conductivity of the gas) the response time of a probe for temperature
variation can reach 15 to 45 minutes!, Furthermore, heat gransfer through the support structure and the

Especially in the case of

lecad wires of the probe to, or from the wall to which it is attached can assume significant proportioms.
When measuring temperature in a rarified gas, the heat transfer through radiation from the temperature
probe to the adjacent wall assumes major proportions, in which case, the temperature of the gas which
is being measured may have little effect. Aun important characteristic of heat transfer primarily through
radiation is the relationship between the temperature level and the temperature differential:

temperature and wall temperature are in this case both to the fourth power.

probe
The heat transfer in a

vacuum through radiation alone can be described by the following equation:

4

Q*KR°c-o-s-t(Ti-T2)

where KR is a form factor which is dependent on the geometric dimensions, ¢ is the emissivity, ¢ the

black body radiation constant and s the radiating surface. Measurements in iumobile gaseous or liquid
media in aircraft, however, are an exception, since natural convection automatically is formed when there

are appreciable temperature differences.

4.3 Heat Transfer between a Solid and a Flowing Gas or Liquid
The time which is needsd for a termperature probe to reach the equilibrium temperature is
dependent on the heat transfer between the medium and the probe.

The heat transfer in this case occurs through natural or forced convection, which also

includes direct thermal conduction, and also through radiation.

4,3,1 Velocity and Temperature Boundary-Layers

When a gas or a liquid flows over a solid surface (e.g. a temperature probe), a bouadary-
layer is formed in which the velocity decreases from t ‘e undisturbed value to zerc at the walls. In
other words, velocity gradients occur. This velocity boundary-layer impedes direct contact between
the flowing media and the surface of the solid so that a temperature difference between the undisturbed
flow and the temperature probe also produczs temperature gradients, i.e. a temperature boundary-lavyer.
The conditions are described in the boundary-layer theory of Prandtl and the similarity theory of heat
transfer of Nusselt.

The Nusselt number (Nu) provides a correlation of different shapes of
the solid as a function of the thermal conductivity of the liquid or the gas.
The thickness of a boundary-laver is determined by a series of mutually influential parameters,

e.g. local flow conditions and temperature differences. The gradients for velocity and temperature are

distributed in the same way only when the Prandtl uumber (Pr) equals 1., Otherwise, the ratio of the

thickness of the flow boundary-layer (Ds) to the temperature boundary-layer (DT) equals the square o0t
of the Prandtl number.

Medium Pr /Pr D_/D
Alr 0.72 0.85 0.85/1
Fuel 13.6 3.8 3.8/1
0i1 9000 95 95/1

In air and exhaust gas, the temperature boundary-layer is slightly thicker than the flow
boundary-layer. In oil, on the other hand, the temperature boundary-layer amounts to only approximately
1% of the flow boundary-~layer. This means that for temperature measurements, the position of the
temperature probe within the flow can heavily influence the measurement results.

The heat transfer between a solid body and a flow must occur acruss the boundary-layer. The

thermal resistance of the boundary-layecr Rbl 1/(hc * g8) depends on several parameters, including:
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(a) the geometric dimensions of the body in the flow,
(b) the thermal conductivity of the flowing media,
(c) the Reynolds number or the type of flow (laminar or turbulent),
(d) the Prandtl number,
(e) the temperatures of the body and the flowing media,
(£f) the type of convection (natural or forced),
(8) pressure (in the case of a gas),
(h) Mach number
4.3.2 Heat Transfer by Natural Convection

In the case of natural convection, a flow is generated in an originally immobile liquid (or

gas) at a solid (wall or temperature probe) when there is a temperature difference between both (e.g.

self-heating of the probe). This process occurs very slowly, depends on the magnitude of the temperature

differential, and seldom reaches a steady-state condition. The direction and rate of the flow and the

thickness of the boundary layer are influenced by the configuration of the surrounding walls, their
ingulation and a number of other factors which are very difficult to determine,

The dependence on the given temperature difference AT between the solid and the gas or

liquid is characteristic of natural convection. The heat exchange occurs primarily by conduction since

the velocity of the gas or the liquid can only reach relatively small values and the flow around a
temperature probe can be considered laminar.

The heat transfer coefficient for natural convection is:

- . 1/4
hn Kn (AT) 9
where Kn 18 a constant that i1s a function of the heat transfer value, velocity distribution,
geometric conditions, etc. The heat transfer is:
Q =K 8- (AT)SM ‘t (10)

Temperature measurements with natural convection (e.g. compressor intake or exhaust temperature
measurement on an engine which has just been cut) are very rare and are only meaningful if temperature

probes with very small time constants are used together with a8 measuring technique where the self-

heating of the probe is negligibly small. For further details about natural convection, the book of

McAdams (Reference 12) can be used, which describes the influence of shape, etc,
4.3,3 Heat Transfer by Forced Convection

In the great majority of all temperature measurements in aircraft, heat transfer occurs by

forced convection, in which case, the motion of the medium which is being measured is caused by the

speed of the aircraft, the engine, a fuel pump, etc. The type of flow can be either laminar or

turbulent, or separated from the body, depending on the given conditions. The velocity of the flow

sometimes reaches such values that there is a considerable temperature rise when it impacts on a solid,
and other effects must also be taken into account, e.g. the effect of compressibility in the case of gas.
4.3,3.1 Heat Transfer in a Subsonic Flow

In laminar flow, all of the flowing particles move longitudinally.
cage (within certain limits) is almost independent of the Reynolds number Re,

The heat transfer in this
the total pressure Pr

When the rate of flow
increasces, i.e. when the Reynolds number becomes greater, there is an irregular lateral motion of the

and the Mach number M, and occurs almost completely by thermal conduetion.

flowing particles in addition to the longitudinal motion, so that the adjacent flow layers are mixed.

In this type of turbulent flow, the lines of flow only represent the average values of the paths of the

flow particles, The transition from one type of flow to the other takes place sharply at a specific

rate of flow (critical Reynolds number), but can be influenced by a number of different factors

(References 99A and 99B). The local Revnolds number must be referred to as the distance x from the

forwvard edge or to the diameter d of the solid (Re, x or Re, d). As the Reynolds number

increases, i.e. as the velocity increases (or in gaseous flows when the temperature drops* and the

r-m andod e e e

* In liquids, when the temperature rises,
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pressure increase) the transition point moves forward, Since in the case of a turbulent flow, heat
transfer is the result of convection as well as conduction, the heat transfer coefficient increases

significan~ly, An example of this can be seen in Figure 51, where the change in totsl prassure
corresponds at 36,000 ft. to s twelve-fold increase in Reynolds number, or an increase in Mach number of
0.2 - 2.4, In the transitional zone between pure laminar and pure turbulent flows, measurement values
deviate greatly; in Figure 51 only the average values have been plotted.

The heat exchange which is high in a turbulent flow is usually calculated by taking into
account the "effective values" for the viscosity and thermal conductivity (Refe;ence 4).

The heat transfer coefficient for forced convection is usually described by the following
equation: :

ot e s e AR RTINS

k
f m
hc - kflds * Nuw= da *a*Re ¢+ Pr

0.31 (11)

A
'

where the Nusselt number Nu i1s a function of the Reynolds number Re and the Prandtl number Pr.
The factor a which depends on the given conditions (especially on the design of the body and direction
of flow) and the exponent of the Reynolds number is best obtained experimentally. Figure 52 shows

characteristic relationships between the Nusselt number and the Reynolds number which have been
obtained for different thermometers and for different directions of flow (parallel flow or cross flow,

References 5, 12, and 44). The given measurement values and formulae hold only under specific

ATTRETRE

conditions.
In addition to the previously discussed ideal flow conditions, there is also an eddy flow i

aft a flow separation, which occurs for example in the wake of a cylinder hit by a cross flow, or

behind solids which project from a plane surface in a parallel flow. Often, small modifications, e.g.

i changing the angle of sideslip, are enough to significantly alter the type of eddy formation. Heat
transfer in these zones is in any case variable; one can obtain a statistic distribution of the

measurement values which are often non-reproducible even with respect to their mean value. These

conditions are often encountered on the skin of the aircraft and in the engines including intakes and
Jjet pipes. : ki
;o 4,3.3.2 Temperatures of a High~Velocity Flow

ey

The heating effect in a boundary-layer has not been previously discussed. It occurs as a . 5
result of the fact that the kinetic energy of directed motion is converted into molecular motion when ¢
the flow velocity is reduced, which also means a corresponding increase in the temperature of the %
decelerated medium.

% The following considerations are valid for liquids* as well as for gases, which in contrast

: to liquids also have the property of compressibility. For this reason, in thz case of gases, the true
¢ airspeed Vt must be used as a measure for the velocity, which, however, deviates from the value shown
3 by the airspeed indicator depending on flight altitude and temperature, especially at high speeds.

For example, when a flat plate (or even a smooth cylinder) is inserted in a flow parallel to ;
k the direction of the flow, there is a temperature rise due to friction ka in the boundary layer. In

3 a laminar flow (i1.e. when the Reynolds number is small), this rise can be described by the following

ra et L Ly

3 equation:

(12a)

* At temperature measurements in liguids there are measurable temperature rises due to friction at
rates of flow (5 m/sec.max.) which are common in aircraft, only at very high Prandtl numbers,
e.g. in the case of oil (Pr = 9,000). The temperature rigse in this case is approximately 0.2°C so
that even the large temperature dependence of the Prandtl number in liquids can be ignored.
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and in a turbulent flow (i.e. when the Reynolds number is large) by:
Pr1/3 . v:
8Tyge ® 23—'_.!-_'_c; (12b)

where g = the gravitation of the earth, J = mechanical equivalent of he¢at, and

" the specific heat
of the liquid.

Usually, however, the conditions of flow are not so well defined so that the resulting
temperature rise is usually caused by a combination of different processes (friction, compression, etc.).
It is usually called the recovered temperature rise and can be defined by the following equations:

o 2
b+ Pr- Vt
&t - m; (13a)
r:® Vi
- m (135)

In other words, in the majority of cases, in contrast to the previocusly given equations for the

frictional heating, the Prandtl number as a function of the probe design and the conditions of flow must

be multiplied by a factor b, in which case, even the exponent may change (References 12 gnd 24). The

n
term (b * Pr) in the numerator of equation 13a is usually designated the recovery factor r, since,

in addition to the velocity, it usually determines the value of the resulting temperature rise in a
specific medium.

The maxisum possible value for the temperature rise in a compressible medium, 1i.e. a recovery
factor of r = 1.0, is reached when the flow is completely reduced to zero, e.g. in a container open in

the direction of the flow. One can then speak of adiabatic compression insofar as there is no addition

or dissipation of heat during this process. The resulting full adiabatic temperature rise AT, which

oceurs when there is complete conversion of the energy of motion into thermal energy and which is
measured by a thermometer mounted in the center of the container is defined by the following equation:
v

Tt (14)

By conversion (Reference 101) the adiabatic temperature rise can be obtained as a function of the Mach
number:

= . 1-_1 .

s, =1 B o? (v = e fc) (15)
This temperature rise reaches approximately 1.3°C at a speed (Vt) of 100 knots, and approximately 12°C
at 300 knots. At 1,000 knots it is approximately 130°C.

According to equations (13a) and (13b), the recovery factor is a function of the Prandtl
number which itself i{s not & function of the temperature and the pressure.

The factor b and the
exponent n, however, depend on the flow conditions in question.

The following equation is valid:

r e £(V, Pr, Re, k, K. . . .)

Therefore, for the most part, we have the same parameters as in equation (11) for the heat
trangfer coefficient for forced convection. The factor K takes into account the structural propertics
of the probe and the place vhere it is mounted. Closer investigation shows that correlation of the

recovery factor and the Reynolds number is only possible for very simple probes. Figure 53 shows this

for a flat plate (Reference 6) and a cylindrical temperature probe (References 5, 10, and 12) where

there is a parallel flow which is a function of the Reynolde numbar with respect to the "churacteristic

length"” x. It can be seen that in these cases, the recovery factor in a laminar flow (low Reynolds

number = low speed) is approximately equal to Prllz

. In a turbulent flow, however, r apprcximates
1/3
Pr

and is almost independent of the pressure and the speed.

In the transitional zona, there are
significant deviativns (shaded areas), see also Reference 113,

For probes in a cross flow, the
recovery factor is much lower and cam drop to 0.5, in which case, the mainimum values are reached as the

local speed of sound is approached (for cylinders in a cross flow, this corresponds to a Mach number

il e AR S LT s

U G VRS

sadddcad




£
i
K
N
[:;
4
£
£
3
¥
Y
%

:
L
b

of approximately 0.5). This is a result of the flow separation ard vortex shedding. Figure 54 shows
the local recovery factor on the surface of a cylinder as a function of the Mach number and the
direction of flow. Note that there are negative recovery factors (to -0.2) on the rear of the body
(Reference 5). Even more difficult to represent are the conditiors when the body in the flow has
sharp edges, whare the flow separates, or vhere the flow is discontinuous or oscillates. In these
cases, the inaccuracies in measursment are correspondingly greater.

Transferring the results obtained in the wind tunnel to tomperature measurements in aircraft
is only possible to a limited extent since in the latter case, *he Jlow conditions are much more
complex. For gimple temperature probes which are built into the aivcraft skin, and which take
measurements in the flow boupdary-layer of the aircraft, it must be taken into consideration that there
is a conversion of the unperturbed flow in front of the airecraft into the iocal flow at the aircraft
through a process of adisbatic compression at the nose and along the Yorward edge of the wing, ete.
Added to these are the effects of lateral wind, propeller vortices, etc. Before the air reaches the
texperature probe, its temperature is increased by compression, i.e. Ly the conversion of kinetic
energy into thermal energy. A further increase results from the friction on the surface of the
aircraft, in which case there is a temperature exchange between the surface of the aircraft and the air.
This process can sometimes be counteracted by a drop in temperature wheus there 1s a drop in pressure,
{.e. a process of expansion which corresponds to an increage in the local speed. There iz again
heating due to friction on the surface of the probe itself, At higher spezds, the material properties
(density, viscoaity, etc.) also change depending on the pressure¢ and the temperature so that the flow
boundary~layer and the temperature boundary-layer exerts mutuxl influence on each other. The velocity
and pressure gradients which occur in the direction of the flow also have an effect on the measured
magnitudes,

Figure 55 gives several mean values from different sources (e.g. References 7, 24, and 41)
for the recovery factor of different types of probes in a parallel or cross flow as a function of the
Mach number. Minor changes of the external design or measurement processes can result in considerable
changes in the magnitude and the curve of the recovery factor. Also very significant are changes in
the configuration and/or flight attitude of the aircraft, i.e. changes of the flow form at the probe,
in which case inaccuracy in measurement quickly reaches intolerable values as the speed is increased.

In order to increase measurement accuracy, the temperature of a rapid air or gas flow must
be measured outside the boundary layer of the aireraft with a method where the temperature rise remains
essentially independent of the flow at the measuring element of the probe. This is the case when a
housing is mounted in the air flow outside the bound:ry layer of the aircraft and is open in the
direction of the flow and contains a measuring element in its center. This type of temperature probe,
where there is (almost) full adiabatic compression of the air, is known as a total air temperature
probe (stagnation probe), This designation is based on the fact that the sum of the static air
temperature T and the adiabatic temperature rise ATk is called the total air temperature (TAT):

Ty = T+ 4T, (16)

2
=T+ Vt/(Zg J . cp) an

-T . +'—;luz) (18)

The total air temperature is always used as the reference temperature for all measurements in rapid
air or gas flows, since it is directly related to the flight speed so that if necessary, it can also be
used to compute the static air temperature.

However, because of the remaining inaccuracies, the recovered temperature rise AT even in
the case of TAT proubes, is not exactly the same as the full adiabetic temperature rise ATk' but
usually amounts to 0.95 to 1.0 for the ratio ATkr/ATk' Using this ratio, the previously mentioned
recovery factor can be more precisely defined:
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T e Atkr/ A‘l‘k (19)

Since the recovery factor ie that percentage of tha valus of ths full sdisbatic temperature
rise Ark vhich the probe can reach, and since & recovery factor of 1.0 is ths full value of Mk' its
valus is alvays smaller than or approximately equal to 1 in air and exhsust gas vhere tha Prandtl
nuaber is approximstely 0.7 and cennot exceed this value,

The recovery factor, for this reason, liss between approximately r = 0.5 and r = 0.9 for
simple temperature probes mounted in the boundary layer of the aircraft and usually between r = 0.95
and r = 0.99 for TAT probes for measuring the outside air temperature. This latter value is reached
by the interaction of the almost full adjabatic compresgion with the individual recovery factors of
the element and shield and the extremely small heat losses which result from rsdiation and dissipation
(Refarance 44).

Using the recovery factor, on the other hand, a so-called recovery tempersture T  can be

definsd as the sum of tha static temparature T and the recovered teapersuture rise A‘l"‘r according
to ths following equation:

T eT4AT, =T+r AT, (20
-T4r e v:/(z; P3ee) (21)
-r(1+:1;-’=n2) (22)

The recovery temperature was formerly a very important factor since ths low racovery factor
of older types of probes was the source of ths greatest error iz msasuring the cutside air tempersture *
80 that ths other sources of error sesmed minor. On the other hand, when TAT probes are used, the
racovery temperaturs is only one of seversl moderate sources of error.

4.3.3.3 Temperature Measurement in & Supersonic Flow

The laws of sotion of a compressible gas in a subsonic flow are very diverse in comparison
with those vhich apply to the supersonic range. When the locsl speed of sound is exceeded, a shock wave
forms in front of the tip of the body in the flow (nose, TAT probe, forward wing edge, air intske edge,
etc.), The static pressure, the air density and the static air temperature increase behind the shock
wave; the totsl pressure, the Mach number and the airspeed, however, are less behind the shock wave
than in froat of it. The total temperature, however, doss not change.
air temperature remsins completely valid for the supersonic range:

Thus, tbe equation for the total

rr-r-[1+(1§l)n21 (23)

The distance between the shock wave and the body in the flow diminishes as the speed is

The total air temperaturs increases at the solid top surface of the body as & result of
compression, and then decreases along the body in the boundary layer. The values obtained in practice,
howaver, are only 85 to 92% of the calculated valuss since as the altitude and totsl air temperature
are increased, heat trausfer as & result of radiation also incresases. The thicknass of the boundary
laysr along the lstersl surfaces of the body in the flow incresses slmost proportionally with the spead,
which is primarily the result of the increase in volume caused by heating (Reference 998).

In the case of simply constructed probes with very small messuriug slemsuts (s.g.open
tharmocouples or onen thermistors), it is possible that in supersonic flow, the messuring element may
penetrate the shock wave, which ferus around its somevhat thicker housing. In an snslogous manner,
the shock wave can also enter the opening of a TAT probe housing at angles of attack of more than
spproximately 30°. so that sometimes the radiation shield penetrates the shock wave. A sharp drop in
the recovery factor is cbserved in both cases (cf. Section 5.2.2, Figure 67 &nd Reference 41).

During supersonic flight, the air enters s TAT probe, through the effect of the linear shock
wave, at a subsonic speed, but at an incressed temperature (Reference 3), The overall racovery factor
which results from the combined affact of the recovery factor of the shock wave (r = 1.0) snd the
corresponding subsonic recovery factor of tha probs, ssysptotically approaches the valus 1.0 as the

incressed.
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speed is increased. This, howaver, only holds trus when the probe is not mounted in a poor location,
i.e., vhere the thickness of the boundary layer which increases with the speed, reaches or excesds the
haight of the TAT probe. Depending ou the aircraft design and the place whers it is mounted, the shock
waves formed at the nose and at the probe may interfere with each other at a specific speed. Inaccuracy
of measurement can aleo result in this case.

The effact of variable properties of the gas, especislly those of (vaporised) atmospheric
moisturs on the total air temperature, as well as the changes in the recovery factor caused by (liquid)
vater (in droplets)and ice are discussed in Section 5.2,

5. REFERENCE VALUES, ERRORS AND DEFINITIONS OF TEMPERATURE MEASUREMENT
5.1 Reference Values of Temperature Msasursment
5.1.1 Static Tesperature

Whan we speak of the "temperaturs" of a given material, normslly we mean the so-called static
temperature. Static temperature is defined as that tempsraturs which the material has in s state of
rest, i.e., wvithout disturbing its temparature equilibrium by & probe which can either add or take away
hast, It must, however, be noted that in most cases ths static tesperature of s material is not the
sams in all placen, since the temparature exchange with the environment fluctuates greatly from place to
place.

In many cases, differences in ths hsat axchange of this type are intentional, e.g. in the
cooling systems of an engine, wvhare heat is applied in certain places, and removed to as great an extent
as possible in others. If measurements are taken in liquids in a so-called "dead" corner where there
is practically no flow, ons can note temparaturs layers by varying the depth of immersion of the probe.
The individual values for thass layers, however, are local temperatures and usually of no importance.
What is required is a mean t rature, and for this reason, a& point must be sought wvhere thers is
optimum mixing of the liquid, and where s measurement will be of particular significance., Anslogous
considerations are alsc valid for temperature messurements in solids and on surfaces.

A special case is the measurement of static air temperatuyre, which is disturbed by the
very existence of the aircraft and by the more important fact that the probe is exposed to a
moving air stream. The static air temperature has to be known for flight test and navigational
purposes (true airspeed) and is calculated from the total temperature ‘1‘.1., or the recovery
temperature Tr and the Mach number as follows:

T T/ 4 I.;i,,Z, (24)
or TeT/(L4r* 1;2- ¥2) (248)

Normally y = c’/cv can be made equal to 1.40 eoc that the following reduced expression is obtained:
T =T/ +0.21%) (24)
or TaT/(1l+r-0.2K)

In large aircraft, the calculation is usually done automatically by air data computers. If there is an
air log which directly gives the true air speed, conversion can be done according to the following
equation:

(25)

2 . .
TwmT -vt/(2; J e’)

T
} V. in m/sec

or T-'rr-t'Vi/(zg-J-cp)

Normally, even in this case, c’ can be considered a constant 20 that we obtain the following expression:
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T 1 - 037502 (26)

} Vt in knots
Tet, -1 V7502 (268)
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The given equations are in general use and are sufficiently accurate as long as the air can
be treated as an ideal gas, 1.e, vhen the limits given in Section 5.3.1 are not exceeded,

5.1.2 Temperature Definitions Related to Static Temperature

Any accurate measurement requires the qualitative and quantitative coverage of all errors.
Only then will it be possible to adjust the messured valus by the corrections (these are the error
valuas with inverted sign). Tharefore, in order to achisve direct comparability oi different messure-
ments, a prescribed saquence of computing and correcting steps and an established designation of iater-
nediate values must be used, meaning a certain systematic order and an established terminology., For
all massurements with the exception of fast air and engine exhsust gas flows, tempersture definitions

e
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é are raferred to the unperturbed temperature, that is, the static temperaturs T, ,
$ The indicated tewpsrature T, is the indication of a thermometer that still includes all ¢
- g-- . - 'thé errors (::a Section 5,2): f
E: -1-1-1'4-3‘,+lz;x_-¢-1zI (27) 3
£ 3
£ 3
: % where ;
"’ ¥ !’ = position error; :
E = tempsrsture lag error; ;
E; = instrusent error. i
? The basic temperature T, 1is the indication of & thermometer, corrected for instrument error: 4
Ti t Ty Ty i
1 (28) . ‘
H T+E + ;
; R :
b 4
|3 ;
vhere
AT,  1s the instrument error correction. 3
A
The correcced temperature Ticl is the indication, corrected for instrument arrcr and E
temperature lag error: :
Ticl = Ti + Mic + AT1&:1
(29)
: =T+E
3 P
i
] wvhare
1 8T,,; 1s the temperature lag correction. K
The calibrated temperature 'rc is the indication of the thermometer, corrected for 1
instrument error, temperature lag error, snd position error, and hence is aquivalent to the static i
r temperature: K
T,=T + A‘l‘1c + ATicl + A‘l‘”
(30) f
= T ‘
where i

A‘x‘” is tha poasition error correctiom.

Since the temperature lag error is often so small that it csn be disregarded, the following
form can be found also:
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Tc oTw '1'1 + Aric + A pe - Tic + “pe (31)

The pean tempersturs T naan is the mean value for a measured object, found through readings

taken at different points, whers the object is subject to a predominant addition of heat st ons point
and to a predominant loss of heat at another point.

The local temperature Tlo c is the temperature of a measured object that prevails at a
certain point of the object. '

The probe tamperature Tp is the temperature assumed by the measuring element of the probe
under given conditions and/or error sources.

The measured temperature T - is the electrical ocutput signal of a probe, corresponding to the
probe temperature, that still contains all the errors with the exception of those components of ingtrument
error which occur only in the connacted indicator instrument (or telemetry module or recording instrument).
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5.1,3 Total Temperature

ot Syt R

As has already baen discussed in Section 4, vhen measuring temperature in fast-moving air and gas
flows, 1.¢., when measuring the outside air temperaturs (OAT), the compressor inlet temperature (CIT), and
the exhaust gas temperature (EGT), sufficient sccuracy can only be cbtained if the total temparature is
calculated using suitable temperature probes with internmal adiasbatic compression. Only the TAT gives a
measurs of the total energy level of the gas.

The adiabatic tempersture rise A’I:k of the air or the gas* produced by total conversion of
energy of motion into thermul energy as a fuuction of the Mach number M, or the true air speed vt
is obtained from the following equations:

aT, =T -1;—1--»12 (T & &7, 1n %K) (32)

=T 0.2 M (for y= e /e, = 1.4) (32a)

- vﬁ/mz (for v, 1n knots) (33)

= v2/26040 (for vV, in ka/h) (330)

(i ' The value of the actual recovered temperature rise Tkr' which is dapendent among other things
. on the structure of ths probe, is the product of the adisbatic tempsrature rise and the so-called
recovery factor r according to the equation:

A'I.‘kr - ATk

.
Vl
E
5
-

- ar T ngnz ete. (34)

e

The total temperature T.‘.. vhich is the sum of the static temperature T and the adisbatic
temperature rise, squals:

-
|

T + AT

T k ;
s+ 3R (1, Ty 6 AT 10 %) (35)
: =T+ (140,245 (for Y= 1.4) (35a) ;
= 1+ v3/7592 (for V, in knots) (35b) %
-T+ vi/zeoao (for V, 1nm ka/h) (35¢) j:
Since in practice the recovery factor is always smgller than 1.0, the following equations are valid ;
for the recovery temperature T - of the probe in the absence, or after correction, of all other errors: 3
T, =T+, =T+r 8T, (T, T, 8T, 1n%) (36)
sTe(l4+r-02M)  (for y= 1.4 (368)
« T4 V2/7592 (for V, 1in knots) (36b)

The given equations show that the adisbatic temperature rise and the recovered temperature rise
can only be directly expressed in % (or %¢) when thay are considered as functions of the true air spaed
Vt (Figures 56a, 57 and 58), since the latter is slready a function of tha static air temperature. If the

* The material values, e¢.g. Prandtl number and Reynolds number, of air and engine exhaust gases vith
the same temperature and pressure can be considered to be approximately equal, so that the given
aquations are valid for both media.
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temparature rise is plotted as a function of the Mach number M, a separate valus is obtained for each
static tempsrature (Figures 56b and 57)., In this cass, ths temperaturs ratio rl./r (or rrl't) is best
salected ss the ordinate for precisely this resson (Figures 56b, right scale, and 59).
Figure 60 shows the total temperaturs as a function of ths flight altitude and the Mach
nusber under standard atmospheric conditions. In this diagram, the zones vhers rain is norwally en~
countered or vhare icing can occur, sre also indicated, When certain (altitude dependent) speed vslues )

are exceaded, the tempsrature of the aircraft appreoaches the total temwpersture, so that no more icing cen
occur, and the ice which has already formed, melts.

SR GTS

Since ths static air tempersturs in the stmosphere can
deviate considerably from the values for standard atmospheric conditions, Figure 61 givas the possible

maxinus and minimne values for the total temperature as a function of Mach number and altitude.

When temperaturs msasurenents sre made in rapidly moving air and gas flows, the total tempera-
ture wmust be used as the reference temperature for all corrections, since only measurements made vith
stagnation probes yiald the required sccuracy, and ths total temperatures which occur on the surface of
faster aircraft or in their engines are decisive for considerations of aerodynamics, maximum operating

tenperature, air density, mass valocity and other parsmaters. The recovery temperaturs in comparison is
only one of the resulting intermediate values in tha correction of the different arrors.
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5.1.4 Temperaturs Definitions Related to Total Tempersture
LE“ The indicated air temperaturs IAT, or indicated total sir temperature T,, 1s the indication
’E of & thermometer that still contains all the arrors:
b )
d Ty = Tp* F‘p + El. + 2I (37) 1
P vhers
T E’ = position error; f
oo H
[‘;, i E, = temperature lag error; !
g i
E E; = instrument error. 5
. X k|
L ! The basic air temperature BAT or basic total sir tempersturs T, . is the indication of a
t
3 § tharaomater, corracted for the instrument error !I: § 3
o 7 .,
) * i
L Trge ™ Trg ¥ 8 Ty (38 :
L ! E
R f
; =T, +E, +E 1
= where E
L Mic is the instrument error correction. ‘
The gorrected air temperature or corrected total air temperature, T'r:lcl' is the basic total
: temperature corrected for the temperaturs lag error, EL: )
2
Trger ® Trge * 8 Ty ¢ 1
3 T. + E 39y . 3
r "M P (’ ) : k
: ~ : [
: vhere
) Ticl is the temperature lag correction.
The calibrsted air temperature or calibrated totsl air temperaturs T‘L‘c is identical to the
- total tamperature T't (total sir temparature, TAT or stagnation air temperature), and results from the
i total temperature T’ticl after correcting for the position error:

*
T.r - T‘rtcl + AT” (40)
* Corractly, the correctione Mic’ Micl and A'rpc should be written A'ruc, AT’ricl and M‘ryc'
but this is not yet cosmon practice,
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Atpc is the position error correction,
Since the temperature lag error can be disregarded in most cases, the following form is also
frequently found:

Ty = Tpyo A’rpc (41)

The total air temperature 'r,r is equivalent to the sum of static air temperature (cf. below)

and the full adiabatic temperature rise of the air Tk:

TT =T+ ATk (42)

The full adiabatic temperasture rise Mk is the temperaturs rise of a gss flow as & result
of the complete convarsion of kinetic energy into thermal energy, provided that this process takas place
without adding or removing heat, that is, in the form of adiabatic compression.

The static air temperature T (SAT)* is defined as the temperature of the unperturbed air at
flying altitude, Since (unlike static stmospheric pressure) it can be measured directly only at very
low air speeds, it is normally determined from the total temperature T,r after making the compression

correction Ach (wvhere the latter is equivalent in magnitude to the adiabatic temperature rise A'rk
but has the opposite sign):

LT

T T, + 4T, (43)
- T'r - ATk (43a)
The true sir temperature TAT is a synonym for static air temparature used only by the U, S. ;

Air Force (caution, normally the abbreviation TAT denotes total sir temperature!).
The true total air temperature Ty, 1s sometines used to designate the corrsct value of the
3 total temperature at flight conditions, where the actual Yy deviates from 1,40 and Yeff must be
used in equation (35), cf. Section 5.2.1.
: The local air temperature Tloc is defined as the air temperature at a certain point of the
3 aircraft. However, depending on local flow conditions it can assume any value between static and
! total temperature.

The messured totsl air temperature 'r,m is the electrical output signal of a temperature
3 probe, It still containe practically all the errors with the exception of those components of instru-
ment error that occur only in the user or indicator instrument (scale error and the like).

The computed static air temperature dis the electrical output signal of aun air data computer.
It results from correcting the computed total air temperature for the adisbatic temperature rise, and
congequently, is equivalent to the static air temperature T (within the limits of computer accuracy).

Additional temperature definitions can be found in the literature that are uged only as
intermediate values when computing the corrections for the position error, or have become obsolete
entirely. It should be kept in mind that, in the past, it was felt that the only important source of
srror in measuring air temperatures was the relatively low recovery factor r (cf. balow) of the
temperature probes** uged at that time. All other components were mostly neglected (and unjustifiably
80), such as temperature lag error and instrument error, This concept was retafned for yesrs after
introduction of total temperature probes, although in that case, the individual error components zust i
be sssigned different weights.

The recovery tamperaturs 'rr is that temperature of & probs slement which, in the absence of
(or aftsr correction for) all other potential errors, is determined exclusively by the prevailing magni-
tuds of the velocity error Bv*** and the total temperature Tyt

g

e o oS

* Also called free air temperature, ambient air temperature, or actual outaide air temperature, OAT.
#% These probes were generally installed in the boundary-layer of the aircraft.
*x% Thig is the error originated due to a recovery factor not equal to 1.0 (See Sectionm 5.2.).
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Consequently, it is also equal to the sum of static air temperature T and the recovered
temperature rise A'rkr (vhich is the original type of definition)

Tr =T+ A’rk:
The recovered temperatura rise Mkr is the temperature rise which takes place at a tempera-

ture probe upon incomplete stagnation of a gas flow as a result of friction and/or compression (and is
slvays smaller than the full adiabatic temperature rise A'rk):

A'rkr =y 1.*.'rk = Mk - By (45)

The factor r is called the recovery factor. In accordance with the stipulation made sbove
(absence of sny other error type), these equations in the case of older tempsrature probes* apply only
for wind tunnel measuremants, unless the so-called "flight test recovery factor'" was used in place of
r which allowed for additional errors and was determined through measurements on the aircraft. In
these cases, the term recovery temperature was frequently used for the definition of basic temperature
Trger OF indicated temperature 'r,u (cf. above).

Ths term ram air temperature RAT is used with different definitions in the litersture, It
can designate, for example, the recovery temperature 'I‘r (for instance, ARINC) the indicated
temperature T L the total temperature TT » Or even the adiabatic temperature rise A'rk.

The observed outside temperature formerly was another term used for basic temperature, T'ric'

The indicated totasl absclute temparsture Ty N is defined in the ARINC specifications** as

"indication of a total temperature indicator, corrected for all errors (including velocity error), but

with the exception of instrument error and read-out error". However, the gssociated equation will

yield the recovery temparature 'rr of a widely used total temperature probe which, consequently,
includes nothing but the velocity error.

5,2 Errors of Temperature Measuremantg*x
Temperature measuring errors always result in the following cases:

(a) when the ideal heat exchange between tho measured object and the measuring element is
disturbed as & result of heat transfer to foreign objects or heat transfer from them;

(b) when a certain period of time is required to restores the tamperature equilibrium after
texperature changes of the measured object;

(c) when the material constants of the measured object show dsviations from the customary
standards as a rasult of extreme environmental conditions or admixtura of other
subgtances (such ss water vapor and rain drops in air);

(d) when instrumentation conditions (such as improper calibration) csuse false thermometer
indications.

It is true that the conditions named under items a and b are determined in both cases by the
type and magnitude of heat transfer, depending on location and design of the temperature sensor.
Bowaver, a separation is made for procedural reasons between the group of the position errors and the
temperature lag error which is encountered when the temparature of the messured object changes.
in material constants are usually significant only in air tempersture measurements under extreme
conditions (high total temperatures), in states near the saturation point of air with water vapor,

Changes

or during intensive rainfall, and are then called mateoroclogical arrors. The errors that are
axclusively due to instruments sre called instrument errors, and this term is not confined exclusively
to the indicator but includes the probe and the leads.

* These probes were generally installed in the boundary-layer of the aircraft.
#*% ARINC characteristics 545, 565, 575, and 576.

#%% This section is an expanded version of the corrrasponding chapter in Refersnce 100.
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Table 7 provides an overall listing of the most important temperature measuring errors in an
aircraft with an organization by error categories, but nanming only the most important individual errors.
0f course, their magnitude depends on the type of temperature measurement and the prevailing conditions.
For instance, the arrors desiguated by an asterisk must be taken into considerstion only where readings
are taken in fast air or gas flows, Many of the errors named in this table are avoldable errors if a
certain expenss can be incurred in selecting tha aquipment, and only a few of them ara truly unavoidable
errors. Incidentally, measuring errors can ba considered to be independant of each other only whare
each error remains small in itself so that it does not appreciably affect the others (Reference 44).
Exceptions te this rule will be pointed out in the text below.

Depending on the causes for their development, measuring errors are either systematic errors
(with fixed sign +/-) where, however, a certain gdditional uncertainty or dispersion range with changing
sign is present in most cases, or they are random errors whars the eign can change from one to another
(cf, the Section on "error analysis"). The corrections needed to correct the instrument readings are
exactly equivalant to the values of the corresponding errors (or error categories) but have the opposite
sign.

The errors that are encountered during temperature measuremeanté in aircraft will be discussed
in somewhat greater detsil because little specific literature has becoms known on this subject, Yet,
considarsble simplifications have to be made in the pressntation because these errors are alvays s
function of a great number of (mutually dependant) parameters. Mathematical determination of thege
errors is quite difficult, since in most cases the composition of probe materials and the probe dasign
are involved, Therefore, only general functional equations are listed in many instances. This
applies particularly to air and gas temperaturs measurements especially whers the meagurements obtained
from simple probes in the boundary layer are subject to flow phenomsna that are difficult to acquire,
Hovever, diagrams are provided for some widely used probes* that can be used to achisve a fair estimate
of the errors that can be expacted for the prevailing £light paramsters,

In the text below it was found best to discuss the errors on the basis of an outside air
temperature measurement (where the engine inlet temperature and engine exhaust temperature readings
represent variants only). In these cases, all errory are referred to the total temperature (TT).
Moraover, sppropriate information will be provided on the other types  of temperature measurements, but
these must be referred to the static temparaturs (T),

TABLE 7. LIST OF TEMPERATURE MEASUREMENT ERRORS

L Temperature Errors - AJ

Meteorological Errors* EM |

| |
Position Errors EP wL_Pfobe Location Errer EPL 4]

Attitude Irror Ea 41

Velocity Error* Ev

Heat Conduction Error E
Radistion Error* ER
Self-Heating Error* ESH

Deicing Heat Error* EDH

c

Temperature Lag Error EL l

Instrument Error E, | Proba Calibration Error ECAL]

Elsctric Lesd Error E, I
*These errors occur primarily in Scals Error E

s¢ |
messurements meds in air or gas
flows. Read~Out Error E l

* Based on manufacturers' {nformation and measured data.
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5,2.1 #eteorological Errors

t Meteorological effects will ba defined here as changes in the actual valuss of air or a gas,
; compared to the characteristics that apply for dry air or gas which are normally considered to be
v constant. However, whers high total temperatures are reached this is not always valid. This appliss
A especially whers the humidity of the air at flying altitude is high., This error, comsidering its causes,
: will not be encountered in readings taken in liquids, at surfaces, and in solids.

Deviations from the ideul gas state* (thermal imperfecticns) can be disregarded here, since
i they only occur at altitudes and air aspeeds that can be reached only by space gliders and hypersonic
research aircraft,

On the other hand, deviations of the ¢ /c =y ratio from the standard value (caloric

imperfections) may affect computations of the static air temperature T or the true air speed Vt
from the Mach nunber M and totsl temperature 'r,r. Figure 62 shows that the value of Y depends on
] total temperature as well as total pressure and relative humidity, However, as we already indicated
v 1ia the preceding chapters, the actual value of Y at a preassure of 1 atmosphere and a temperature of
420°C will be higher than the standard value of 1,40 in dry air, and lower in ssturated air (at the
same pressure and temperature). '
conditiong near the ground.

Therefore, this value represents & good compromigse for normal
This applies even for high altitudes, i.e., at lower pressures, since only
. lowsr temperatures are encountered thare (sud only very low humidity values).
, Since tamperaturs probes for ambient teumperature meagsurements (uniike pressure gensorsh*
for air speed or altitude measurements) are located directly in an air compression zone, we must take
into consideration that the value of Y in the event of pressure changes is alsc s function of the
compresaldn or expansion rate, since the air molecules require a certain amount of time (relaxation
time) in ordor to achieve temperature equilibrium., Therefore, the normal value of y must be replaced
by an effuctive velue Yot whose profiie has muck less slope than the profile of the static values.
As a result, we can use the standurd vglue of 1,40 for practical calculations, as long a8 the total
4 temperature doas not exceed certain f:oundary valuea, These ara about +160°C 1n dry air (corresponding
to Mach 2.2 at high altitude), and only sbout +75%C 1n air with ¢ relative humidity above 802
{corresponding to Mach 0,85 near the ground on a hot and humid summer day).

At these boundary values . L
E
3 ’ the errors will amount to only about 2 parts per thousand of the pravailing total temperatures P

{mesasured as absolute temperaturcs in °K). but will rise sharply as the boundary values are exceeded. ;
In order to cowpute che effuct of pressure and tempersture on the effective value of Y,

we must acquire a mean specific heat on the basis of gas enthalpy (1 = ¢ N * T) for the boundary values

of T and TT' Three cases (fur dry air) sre stated in Reference 2:

Altitude Mach Neo.

v T_-T M-M T-1 5

0 1.2 1.4011 +0.23% -0.00035 -0.14% ;

50,000 2.3 1.3977 - 1.36% +0.00145 +0.51% ]
100,020 3.0 1,5898 -10.68°C +0.00815 +3.00%

It thie table the subscript 1.4 indicates that these temperatures and Mach number were
determined for Y = 1,40. This means that, for a Mach number of 3.0 at 100,000 ft., the actual
: 3
total temperature is 10.68°C lower than the temperature computed using the gtandard value of y = 1,4.

Consequently, the total temperature measured under these circumstances is a true value that is due to
variable gas characteristics.

Errors sre encountered only vhere the static air temperature is computed

from the actually measured totsl temperature with the aid of the standard value of Y = 1.4, or the :
abbreviated equaticn

. 2
Ty, " T/ (1 + 0.2 M) (46)

* Tdeal ges defined as p=p R * T
#+% Digphragm capsules, etc.
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In these cases ths prevailing effective value Y off aust be substituted for vy in the coxprehensive
squatior for the true total temperature

TeT,/I14+ (Y-;-’é)- ¥ (47)

In our example, using Y = l.4 would yield s static tesperature that would be too low by 3°c. The
profile of the Yeff values is plotted in Figure 62a for two altitudes (near the ground and in the lougr
stratospheie) and for certain Mach numbers in accordance with the prevailing total temperatures (under
the conditions of the standard atmosphere).
Very little clarification has bean obtained on the effect of relative humidity on the ratio
of specific heats cp/cv for the case of temperature measurements at high air spesds. Wind tunnel
investigations are fairly difficult since oversaturation and hence condensation occurs even in un-
parturbed flows at all Mach pumbers exceeding a certain value that depends on initial humidity. This
; value is located near M = 0.8,
The Y values for stagnant, saturated air (100Z rel, hum,) are plotted in Figure 62a as
functions of static air temperature and pressure. Again, Y‘ff values should be used here because the
_ temperature is increased upon air compression, but the relative humidity is decreased in proportion;
; ' their profile would have a much smaller slope. However, this is not confirmed in the only reference (39)
3 : accessible to the suthors in which this problem is addressed directly.
Although tha actual magnitude of the change in the Yot value s still s matter of dispute
in the event of a coincidence of high static air temperatures and very high relative humidity, it can
be considered establighed that, under subtropical conditions, considerable variations of y will occur
even in the high subsonic air speed range, It ia true that this type of weather situation is relatively
rare in the moderate latitudes, and that near-sonic air speeds at low altitudes are rarely flown by
other than military aircraft. Yet it should be possible to acquire the Yy variations qualitatively,
since otherwise considerable errors would be incurred in the practical calculation of static air
temperature, However, these errors will drop sharply as the temperature or humidity decresses. Since,
in normal flying operations, high subsonic or avea supersonic air speeds are flown only at higher
altitudes where static temperature and especially the humidity are relatively low, the effect of
humidity can be neglected in most cases. )
The humidity content in the air, where the water occurs only in the vapor phase, should not *
ﬁ be confused with its liquid water content (LWC) in the form of water droplets, smow, or ice E
’ crystals., It is true that drops of water impacting on the tamperature sensor element will ba deflected
in the majority of cases. Yer the moment will occur, depending on the internal design of the probe
housing, where large psrts or all of the surface of the probe element are covered by a thin layer of
& watar. While the air flow continues to carry new water drops to the element, it will, on the other hand,
i favor a continuous evaporation. Most of the thermal energy required for this evaporation will be
removed from the sensor element, establishing s temperature equilibrium that differs from conditions
prevailing in dry air. This so-called "wet bulb temperature" is less than the temperature which would
be established in the absence of water but under otherwise equal conditions (“dry bulb temperature').
This magnitude depends on an extrsordinarily large number of factors (such as relative humidity,
ventilation rate, temperature level, difference between water temperature and static air temperature*,
thickness and shape of the water film on the element, and others). If the temperature of the air
entering the probe housing drops below the freezing point, the tempersature of an element wet, for
instance, by wet snowflakes, will also drop to a certain value that can be considerably below o%. 1f
subsequently the still liquid (undercooled) water film freezes for sny reason (such as shock, vibration,
impact of an ice particle, etc.), heat will be releused so that the sensor temperature will rise to
0°C and will remain there until all the water has frozen. Only then will the temperature of thc element
drop again slowly (depanding on the ventilation rate)., If the air flowing into the housing has a water
vapor content that is located near saturation (above water)**, the excess water vapor will condense on
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* Rain droplets cannot always assume, rapidly enough, the temperature of tie air layers through which
they drop.

%% The vaper pressure above an ice layer is less thsn the vapor pressure above a water layer.
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the ice lsyer and will increase it until the saturation level of air above ice is reached. This conden-

sation of water vepor and freezing on the element will release heat that might cause s probe temperature
which is located above the drop temperature (Refersaces 97 and 98).

Since all of these phenomena take
place in a compression zone*, and since all transitory states betwsen liquid water and ice can occur,
it is impossible to predict the deviation of temperature sensors wat with water droplets or wet
snowflakes from its rated value,

L

I
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The only established facts are that dry snowflakes unlike water droplets or wet snowflakes
have only a small effect, and that the error magnitudes in the case of a probe design with internal air

deflection are only a fraction of the error magnitudes sncountered - -.cbes where the measuring

elensnt is exposed directly to the sir flow, As a result of this dependence on probe configuration the

effect of liquid water is better treated rs part of the velocity error (cf. below),

5.2.2 Position Errors

These errors are due to perturbances in ideal heat transfer between the messured object and

the probe element and are, therefore, mainly functions of the heat transfer coefficient., This means

; that, in measurements in gas or air, they are functions of the flow type and the mass flowrate through
the environment of the probe.

A TR

The prevailing values of these errors, being dependent on flight
parameters, are generally stated as functions of pressure, altitude H and Mach auzber M in the
text below, since this will yield the simplest evaluation (at adequate accuracy).

(a) Probe location Errvor EPL

B - S

In the case of measurements in gas or air, this error is a function of the enveloping flow

g at the probe location and will occur in the normal f£light altitude (unlike the altitude error which is

\ discussed below). For simple probe types located in the boundary layer its magnitude will depend on

: the local flow velocity which, as we know, can differ greatly from the air speed, depending on local

conditions., This means, of courge, that pressure gradients will occur. Consequently, the kinetic

e ! temperature increase ATkr at the probe is no longer directly dependent on air speed but associatad
2 with it through effects that are difficult to acquire.

On the other hand, depending on local velocity 3
at the probe, the prevailing flow type (laminary, turbulent, or separated flow) will be gsubject to

change, shifting suddenly from one type to another depending on the iocal Reynolds number, change in
configuration or angle of attack or sideslip.

This will have a direct effect on the recovery factor r
(cf. Figure 53).

These effects are encountered with special severity where, for instance, a surfsce

] probe 1s installed on & flat fuselage belly in conjunction with a close radiation shield. These facts,
E and the conditions cutlined in Sectiom 4.3, are partly responsible for the fact that wind tunnel

3 measureuwents of simple probes are not valid for probes installed on aircraft, and that in this case it
] is hardly possible to isoclate the probe location error from the other position error components.

In the case of total temperature probes the probe location error will reach a significant

magnitude only where the probe is installed in a highly unfavorable location, for instance in the
effective range of a propeller or within a thick boundary layer (cf. Figure 63).

ik

The location error
can be acquired by comparison with a probe of the same type located at a point with ideal flow conditions
(for instance on & nose boom).

e itk

Surprisingly, the value of total temperature is changed only little if the probe is located
in the air intake of an engine** glthough the relationship between the flight Mach number and the
local Mach number in the air intake is not a simple one (it is dependent, for instance, on engine rpm).

Yet a thermometer for compressor inlet temperature (CIT) should not be used to compute the static sir
temperature, since the differences are too great for that.

P

Figure 65 shows the gradual reduction of
flow velocity in an air inlet during supersonic flight as & result of oblique and normal shock waves

and as a result of the incressing cross-section area of the inlet, Although this is accompanied by

increasing static pressure, the internsl Mach number differs quite considerably from the flight Mach
number, so that it is better to use the sir flow-rate (mass velocity, for instance, measured in ks/nz.l)
as 8 unit of measure. Figure 62c shows sn example {or the mass flowrate of an engine as a function

of the Mach number for given values of totsl pressure and total temperature.

* 0, vhich no specific literature is known,

% The samz total temperature prevails at any point of the cross-section of a wind tunnel.
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For rapidly moving gases, as in inlets, nct only velocity gradients are found but temperature
gradients as well, and their distribution will be dependent on a very large number of parameters (such
as inlet geometry, air inlet velocity, temperature difference between wall and air, Reynolds number,
Prandtl number and others). Consequently, even where a TAT probe (for a CIT reading) is installed on an
inlet wall, we must keep in mind that in the event of fast climbing or descending flight the CIT
indication may lag considerably behind as a result of the temperature exchange between the air and the
inlet wall (lag error) until the wall has adjusted to the new temperature equilibrium, Therefore, in
order to acquire accurate readings during flight tests, especially in the air inlets of VIOL aircraft,

a number of temperature probes are distributed evenly over the cross-secticn (cf, Figure 66),

The probe location error can be cefined approximately by:

El"l. - f(PT’ Py KF’ KPL) (48)

meaning that it is a function of total pressure and static pressure at the probe location, the design
characteristics of the probe (KF)' and the airflow characteristics at the probe location (KPL)‘

Sometimes the term installation error is falsely used as a synonym for location error.
Actually, however, the installation error designates only the difference between the location errors
of identically equipped aircraft of the same production series. It is determined primarily by

production tolerances which have the result that aircraft of identical appearance can have different
flow relationships at the probe.

Where measurements are taken in liquids a considerable probe location error can develop if
the probe is installed, for instance, at a "dead" point of the tank where no motion exists and where a
temperature can develop that differs from the temperature of the remaining liquid. Likewise, a probe
location error can develop during measurements on surfaces and in solid bodies, if an unfavorable
location is selected for the probe where the desired heat exchange with the measured object is obstructed
but where the heat exchange with foreign objects is favored as a result of this location.

(b) Attitude Error Ea

This error will occur only when the probe is exposed to a non-parallel flow, Consequently,
relatively large angles of attack (a) and aungles of sideslip (8) will cause this error in probes
for air temperature measurements., The older probe configurations react quite clearly to angles of
about #5°, and in case of TAT probes with the deicing system in operation, an angle of +10° (often more
than +20° if the deicing system is turned off) must be exceeded before the reduced local flow of the
probe element appears as an air speed reductien, leading to a reduction in the temperature indication
(cf. Figure 64). When the deicing system is turned on this is partially compensated or even over-
compensated by an increase of the self-heating error and deicing heat error. cf. below.

The attitude error involved in TAT readings in fast aircraft is usually so small that it cz

s

be neglected. However, in the case of extremely low-speed aircraft a strong crosswind can render the
encircling flow of the aircraft highly instable. VTOL aircraft and helicopters frequently have very i
large angles of yaw and during vertical ascent or descent, even purely vertical local flows, that can 4
have a high degree of vorticity as a result of recirculation effects, rotor effects, and the like. 1In
that case, very large errors and large error dispersion must be expected in outside air temperature
measureuments unless an indicator with extremely low probe self-heating characteristics is used (and
unless any probe deicing system that may be installed can be turned off).

The attitude error can be defined by: 1

E, = £(a, B, K, M) 49) !

where

Ku represents a factor that is dependent on the probe design.

An attitude error during measuremepts in liquids occurs, for instance where, in the case of
stem probeg, the flow encounters the foot of the probe first, changes its temperature, and only then
reaches the temperature-sensitive top of the probe, This type of error does not occur during

measurements on surface and in solid bodies.
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(¢) Velocity Error Ev

This error which occurs only during mesasurexments in fast sir or gas flows states the amount
by which the recovery temperature Tr of a probe remains below the totsl temperature T,, which is

squivalent to the difference between full adiabatic temperature increase ATk and acquired temperature
increase ATkr:

e et ii%’y%ﬂ“?""'

B o

Ev = TT - Tr = ATk - Arkr (50)

Before defining the dependence of the velocity error on air speed in more detail some additional terms
must be explained:

(c-1) The recovery factor r is nondimensional and designates, as previously mentio 2d, the
ratio of the temperature rise acquired by the probe to the full adiabatic temperature rise.

r= ATkr/ATk - (Tr - T)/(TT -1 (51)

ATkr = ATk (52)

In air and in engine exhaust gases it 1s always smaller than 1.0%, even though some instrument readings ,
appear to contradict this - probably because other effects were not fully covered. In the case of

simple probes installed in the boundary layer of the airciaft, the recovery factor will be between the

limit values of approximately r = 0.5 and r = 0.9 (cf. Figure 55), where a measuring uncertainty

between +0.03 r and +0.1 r can occur if the airflow moves parallel to the probe surface. In the

case of stem probes placed in a lateral flow, this instrument dispersion can be even considerably

greater. The recovery factor for simple probes in the boundary layer of a wind tunnel could be defined

by:
r = f(Vt, Pr, Re, k, KK' Kpp o o ') (53)

As the local flow conditions in a wind tunnel and on the skin of an aircraft are quite different
(cf. Section 4.3.3.2), the term "flight test recovery factor" was created:

|

2
Vt local

. =1 - (1-v)
flight test vi aircraft

o ol S

(54)

Where this factor was acquired through measurements on the aircraft, it automatically lncorporates
other components of the position error (such as the probe location error) so that a family of curves
dependent on altitude or aircraft weight (or angle of attack) resulted in place of a single curve
dependent on velocity.

In the case of good total temperature probes the recovery factor is practically only a
function of the Mach number M and the design characteristics KK of the probe:

r= £(M, K) (55) %

It is true that this definition, too, incorporates certain components of the heat conduction error and

radiation error (cf. below). However, in the case of TAT probes all terms involved in the air speed
error or the recovery temperature can be treated as if all errors were independent of each other. It

is seen from Figure 68 that the recovery factor of TAT probes for ou:side air temperature readings in

JORIPI

the subsonic range (up to about Mach 0.7) is located near a constant value between 0,96 and 0,99;
certain models with open wire elements have even better characteristics, The dispersion between
individual probes of the same type should smount to about +0.015 r 1in the air speed range below Mach
0.7 (cf. the dispersions of simple probes stated above). Sometimes, slightly lower values of r will
be encountered in the case of TAT probes for engine air inlet temperature measurements. This is
primarily due to the requiremerts for low probe height, high vibration stability, and others**. In the

* In the case of other gases and liquids with higher Prandtl number, values above 1.0 are possible.
** One extreme sample is the Type 153 AC probe with recovery factors between r = 0.7 and 0.8. i. i
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‘ 4 case of TAT probas for outside air temperature messuremants the recovery factor increases sharply above
',{ approximately Mach 0.7, since the internmal flow velocity in the probe remains constant above this value,
é Under these circumstances it ig better to use & different term:
%1
g (c-2) The recovery arror is nondimensional, too, and ststes the ratio of velocity error to
* % total temperature:
S
.
g : n e Ty = T)/Ty = B/T, or (56)
L g
; E,on Ty 7

R

Figures 67 and 68 show that, in the case of TAT probes, the recovery error can be considered almost
constant in the supersocnic range (this is the manufacturer's information). However, a more detsiled
invastigation will show that, while the total temperature shead and behind the shock wave remains
constant in supersonic flight, all other values (Mach number, velocity, prassure, etc.) are subject to
change. As a result of shock wave formation in front of the probe inlet, the air flow enters at
increased temperature, but with a subsonic Msch number that is a function of the flight Mach number
(cf. Pigure 69). The shock wave itself can be assigned a recovery factor of r = 1.0, The prevailing

‘.
K-
3
3
xgv
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%

ST

H subsonic recovery factor .2 of the probe must be added. The supersonic recovery factor 1' that

& results from theses two steps can be described as follows (according to Reference 3):

[

b .‘ 2y XL 2

. n-2Xo-1)) .01+ ]

i i e —xk £ (58)

R R

where the supersonic flight Mach number must be substituted for M (cf. Figure 69). Thus assuming

a constant subsonic recovery factor, a sharply defined maximum of the recovery error is obtained
} (and hence of the velocity error) at Mach 1.0 which decreases at first rapidly and then more slowly

with increasing Mach uumber and will start to rise again slowly beyond Mach 2.5. However, assuming 1

that the recovery factor will rise at Mach numbers between 0.7 and 1.0 (at the probe inlei), this

stipulation will have an effect in the supersonic range between Mach 1.0 and 1.4 also (where the
Mach number drops behind the shock wave from Mach 1.0 to about Mach 0.7).

diidviactied

As a result, the maximum
of the velocity error is considerably flattened so that the values of the theoretical consideration

etk

F
differ only little from the values that stipulate a constant supersonic recovery error (relative
value in percent of total temperature).

1 Instrument readings where the velocity error increases rapidly with increasing supersonic
:

Mach number are partly due to the selection of an unsuitable probe type, and partly to the fact that
the thickness of the aircraft's boundary-layer* at the (poorly selected) location of the probe

ikl

increases with increasing air speed, and hence are consequences of the probe location error (cf. above).
(c-3) The recovery ratio R 1is sometimes used in English-language literature,

It is defined
by the ratio of recovery temperature to total temperature:

Resl=-nm= Tr/TT - (TT - EV)/TT (59

The interrslationship between the terms recovery factor T, recovary error n snd rescovery ratio R
is seen from Figure 67, where the following relationships apply: 1

n~el=-EKk (60)
-1 2
at T LN
ne(l-rx "r_!"“")
T -
T+ 1 L
&

(61)

* Therafore, some probe typas are supplied with greater probe height (greater distance betwsen inlet
and base plate),
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r=1l-n =]1~-n (62)
ary 'r-l'zixz

Probes with tharmocouples to msssure the engine exhsust gas temperature (EGT) are included in this
figure.

The velocity error Ev (1aeagured in °C or °K) can be defined in different ways, using the term

named above (r, n, R), In most instances only the Mach aumbe:r (from altitude and indicated air speed)

and the recovery temperature ’I‘r (from the indicated temperature through correction for all other error

types) are available for determining the velocity error. Where a flight log is available the Mach

number can be replaced by the true airspeed Vt’ which is then directly available.
equations are obtained:

By~ £(r, M) (63)
©T - T, = AT, -1, 8T -T AT, (64)
= (1l ~1) at, (65)

v2
- (1-1) 7-5%2- (for V, in knots) (66)
«(l-z2)*T- J—;-l-uz (for T tn °K) (67
T

- 1= . x Lo, 2

a-n — 1;.&,,2 = (68)

T

- ‘(T'f_nf - T, (69)

In the case of TAT probes equation (69) can be replaced by the approximsated formuls

ByIn-T, €70)

(ef. Figure 111), The error resulting from this spproximstion will remsin below & level of 0.01°¢ as
long a8 n 1is smaller than 0.005, since under these conditions T, sud 'rr will have approximately
the ssme magnitude.

The changes in gas characteristics, i.e, changes in ¥ (cf. Section 5.2.1), which take

place under certain conditions, will not affect the magnitude of the quantities r, n, and R, unlike
the absolute values of total temperature TT and velocity error Ev.

On the other hand, the liguid water content (LWC) in the air (in droplet form) will affect the
velocity error, depending on dasign characteristics (cf. Section 5.2.1). Probe types with internal
air deflaction prior to reaching the element (cf. Figure 18) hava a much lesser dependence of the
measured temperature on the liquid water content in the air than other probe configurations (cf.
Figure 17), since practically only very few and extremsly small water particles reach the probe surface
and, therefore, can have an effect only on ralatively small parts of that surface. Figure 70 shows the
velocity error components (in %) for the Type 101 (without air deflection) and the Type 102 (with air
deflection), plotted as & function of the water content in the air (kg water per kg air), snd
determined by wind tunnel measurements at Mach 0,4 and 0.5 (Reference 39).

Messurements tsken by
other suthors during flights with different water content in the air yielded the following relationships

batwveen the temperature increase Ade measured in dry air and the temperature increase ATkw measured
in air with water content, acquired for the Type 102 probe with enclosed slement:

We ATkw/Ade =1,0 in dry air (71)
= 0,98 1in granular snowfall constant from
Mach 0.5 to
= 0,93 1in intensive rainfall Mach 0.95

0,91 1in very intensive rainfall

Hence the following
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It is natural to designate the ratio A‘l"w/A'l"“l the 1liquid water influence factor W by
which the prevailing recovery factor r of the probe type in question must be multiplied:

By= (L-Wer) s ar = (-Wemn: o a2

On the other hand, heat is released at the probe element during ice formation, and is indicated
as a temperature increase.

(d) Radiation Ervor I,

In the case of TAT probes for outside air temperature measursmants that have at least one
radiation shield, this error will be significant only at high total temperatures (above sbout M = 3)
and at very high altitudes (above about 40,000 ft). As a rule, it has a negative sign. Figure 71 shovs
the radiation error for the Type 101 probe, plotted as the relative valus of total temperature vs. the
Mach nunber. The dependence on sltitude is indirectly imcluded in this plot, since high Mach numbers are
flown only at great altitudes. The radiation errors for the Type 102 series tand to be slightly
smaller than the data shown in this figure (exact measuremants are still lacking). TAT probes for engine
inlat temperature measuremants, in most cases, show a slightly greater radiation error that may have the
effect of s decreasing recovery factor r with incressing air speed (similar to the curve for the Type
154 F 4in Figure 68).

In the case of simple probes without a radiation shield, considerably higher values for
the radiation error at medium air speeds and high altitudes must be expected. In this type of probe
it is also possible to encounter radiation errors of several degrees centigrade with positive sign,
when it is exposed to direct sunlight, or on the ground, when the probe is exposed to solar radiation
reflected from the runway.

Radiation errors can be described by:
4 4
By = £(T, - T, Ky 1/py) (73)

Again, T' denotes ths temperature of the probe housing, and the factor KR reprasents the radiation
characteristics of the element that are due to its design, i.e., emissivity, the probe area, and
sdditional parameters; Pp 1is the total pressure.

In the case of compressor inlet and turbine exhaust gas temparature measurements, the
radiation error deserves special attention when the engine is operated under partial load (with 1w air
flowrate) at high altitudas, and/or when the temperature of the engine casing differs greatly from the
gas temperature (for instance, when a cold engine is started). In these cases it is difficult to
isolate the radiation error from the heat conduction error (refer to Figure 72),

For temperature measurements on surfaces, tha outward side of the probe should have the same
emissivity as the remaining surface so that both are subject to the same radiation lcsses.

The radistion error encountered during measuremeuts in liquids is almost slways so small that
it can be disregarded.

(e) Conduction Error !c

This error is due to heat transfer from the elament via its mountings and electrical leads.
In the case of TAT probes for outside air and compressor inlet temperature messurements, tha probe
housing and the aircraft fusslage are normally at a slightly lower temperature than the element.
However, the opposite can also take place, for instance when the probe deicer system is turned on,
or in rapidly climbing flight. In the latter cass the temperature of the fuselage drops at a slower
rate, because of its large heat capacity, than the air temparature, Consaquently, the conduction error
can have either s negative or a positive sign. However, it will have s major effect only if there is
little convective heat exchange with the air., This means that it will rise with increasing altitudet

* At very high altitudes the boundary layers inside the probe (at the element, at the radiation shield,
and st the housing wvalls) become very thick so that they will affect each other with the result that
extrapolations based on data acquired at low altitudes will become highly inaccurate.
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and decreasing gas pressure. In the case of modern probe types, it is so small that it can be dis-~
regarded, and is difficult to isulate from other errors such as the radiation error, even in extreme
cases. At low air speeds it can possibly have the effect of reducing the recovery factor r (which
is otherwise constant in this air speed range) (cf. Figure 68, "cylinder probe").

The conduction error can be defined by:
Ec = f(l/pr. Tr’ T, Kc) (74)

where

Tw is the temperature of the probe housing, and
Ko is a factor to allow for design features.

The conduction error of simple (well-type) resistance probes or thermocouples is a hyperbolic
function of immersion length in the gas flow., (Figure 73 shows the resulting ratio of temperature
diiferences (Tr - Im)/(TT - Tw). as a function of the probe length/diameter ratic and the flowrate or
mass velocity). The conduction error can assume appreciable values if the probe diameter is relatively
large, compared to immersion depth, and also at small flow velocities.

In the case of temperature measurements in liquids the heat transfer between the probe and
the measured object is considerably better than in gases, and in most instances the temperature
difference between the liquid and the container or tube wall into which the probe is screwed is

relatively small. Consequently, appreciable errors can develop only in extreme cases (for instance,

where a probe of very short immersion length is used)(¢f. Section 6.1.3).

In the case of temperature measurements on solid objects (such as cylinder blocks, etc.) or
on surfaces, the probe is mounted directly on the object to be measured so that heat conduction could
take place ouly via the electrical leads, if these are routed unfavorably (cf, Section 6.1.3), so
that they cannot assume the temperature of the gsolid body at their ends near the probe.

(f) Self-Heating Error ESH

This error is encountered only in resistance thermometers. It is due to the fact that a
current must flow through the element in order to determine its resistance which, in turn, is a
function of its temperature. During this process a heat emnergy P, (cf. Figure 74) is generated
that increases with the square of the measuring current, (I2 R), This thermal energy is transferred
to the air flow via the thermal resistance Rbl of the probe element's boundary layer. As altitude
is increased, and/or airspeed is reduced, the element temperature must increase before equilibrium

is reached. As a consequence, errors of several degrees or more can occur, if indicators requiring

large currents are used.

The self-heating effect of resistance thermometers is one of the most important, and
frequently one of the largest errors, unless modern servo indicators are used.
error, always of positive sign, and can be defined by:

It is a systomatic

By ™ £(p, 1/pT, 1/M, Typs KSH) (75)

weaning that this error is a function of electrical power, P, total pressure Pps Mach number M,

total temperature TT’ and a factor KSB that is due to the probe design. Another form of
definition is:

Egy = P+ Ry = P/th, + ) 76)

In the case of simple probes used to measure the outside air temperature, wind tunnel
calibrations cannot be applied directly to conditions prevailing in the aircraft, since the boundary-
layer at the element differs considerably in both cases, Unfortunately, exact data on this problem
are not available, probably because it used to be the prevailing opinion that the self-heating error
was so small compared to the velocity error that it could be disregarded.

The relationships are much more clearly defined in the case of TAT probes for outside air and
compressor inlet temperature measurements. In this case the self-heating error varies approximately
inversely to the square of total pressure, meaning that it is dependent on altitude and Mach number

(and on total temperature to a degree that can be disregarded in most instances). Therefore, in
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accordance with the constant air flowrate above a range of about M = 0.7, the self-heating
srror will remain constant, too. As a result of the effect of design features, TAT probes with open
wvire elements have almost twice the self-heating srror of enclosed elements at almost all air speeds.
Figure 74 rapresents the electrical power P (in aW) dissipated in the probe, as & function
of the measuring voltage U applied to the probe's terminals, and the current 1 flowing through the
probe, plotted for the prevailing resistance value Rx. For measurements in air, & value of 5 mW
should not be exceeded to avoid excessive self-heating, Figure 75 shows the relative self-heating SH
of the probe, in °c per mW, for different probe types with open-wire and sealed slements, as & function
of altitude and Mach number. Using these data the self-heating error Ecy (absolute value in % or %)
is obtained from:

RoENLALA R IR A LAk b Gt I M et el 2
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Two auxiliary scales for instruments with 4.5 mW and 40 oW probe lcad sre shown on the right
margin of these figures sc that the self-heating error for the majority of galvanometers and ratio
meters can be read directly. The values plotted in Figure 75 for zero air speed ("still air") and
for measurements in stagnant water ("still water") are approximate, for information only, since they
cannot be measured exactly (cf. Section 4}, Figure 76 shows the self-heating of scme CIT probes as a
function of the air flowrate (mass velocity) of the engine.

Again, it should be pointed out that modern servo instruments subject the probe to a load of
only about 0.04 mW, so that no measurable self-heating develops. However, this does not apply to the
older types, nor to the majority of air data computers.

The self-heating error reaches much smaller values during temparature measurements in liquids.
Therefore, a simple cooling water thermometer, for instance, cannot be used to measure cockpit air
‘ temperature because the calibrations are only valid for self-heating in water and for a certain flow
L : velocity.

The self-heating error assumes even legs significance in most instances during temperature
\ meagurements on surfaces or in solid bodies, provided that the probe has a very good heat contact to
Z ' these bodies, meaning that it ghould be completely embedded in the body, if possible. The amount of
K. : the remaining self-heating error under these circumstances depends on the current through the probe,
on the heat transfer resistance, and on the volume and thermal characteristics of the body.
Thermoelectric elements have practically no self-heating error, because the generated measuring
currents are far too small,
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(g) Deicirg Heat Error EDu ;

This error can develop only during outside air and comprescor inlet temperature measurements,
if probes with deicing systems are used. As we indicated earlier, ice formation on the aircraft and
hence on the temperature probe is improbable after the aircraft has exceeded an air speed of about
Mach 0,8 (c¢f. Figure 60). However, it is not acceptable to depend on this possibility since, on the
one hand, not all aircraft reach this air speed range and, on the other hand, an unacceptably long
period of time is required for "natural deicing", if there was an ice built-up at lower speeds*, It
wmust be kept in mind that ice formation on the probe will considerably increase the response time to
temperature changes and the conduction error, and that the ice temperature will be messured instead of
the air temperature. The ice temperature depends, in part, on the temperature of the aircraft fuselage
and the heat balance** during the process of freezing or thawing ice particles. These measuring errors
can exceed 10° to 20°C, Where an air data computer is used, this can result in false values being used
over extended periods of time,

(o O R i Sl S SR S CL A

A A e Xt LR

For these reasons, most of the TAT probe housings are provided with deicing heaters (cf. below).
Unfortunately, despite boundary layer control (cf., Section 2.1) this will result in a certain temperature

* In the case of probes with open-wirs elements the wire can break as a result of the vibration of ice
particles adhering to it.

%% Cf, meteorological errors, Section 5.2.1.
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incresss of the air in the probe housing that results in a temperaturs measuring error, the deicing
heat error !Da' This error increases with decreasing air flowrate through the probs, 1i.e,, with
decreasing air speed and/or with increasing altitude. At zero air speed (for instance in hovering
halicopters and VIOL aircraft) the temperature increase can reach such large values that opsn-wire
elemants will be damsged. The deicing heat error still ranges batween 0.2 and 0.5°C st Mach 0.3,
depending on altitude, Ervors in probes vith two measuring elements* can reach approximately twice
these values., Unfortunately, very little measured dats is available (at Mach 0.3 and 0.8, Reference
328), Figure 77 shows the values extrapolated by the manufacturer from these measurements for two of
his models., The measured points for the remaining models ars of about the same order of magnitude,

Therefore, for conventional aircraft, it is recommended that ths deicing system be turned on
only after takeoff, In the case of helicopters and VTOL sircraft this does not apply to periods of
hovering flight. Any ica layer that may have formed during & zero air speed period (for instance during
extended hovering flight) will be thawed in not less than 45 seconds, in accordance with test condi-
tions for probes., The deicing heat error is relatively small at higher air speeds (for instance,
between 0.12° and 0.3°C at Mach 0.8). Since most of these data apply for dry air, we can sasume that
these magnitudes are smaller under icing conditions. The relationship betweean this error and the
attitude error under extreme angles of attack or angles of yaw was already discussed in the chapter
devoted to that error.

The deicing heat error always has a positive sign and could be defined by:

Epg ® f(4, M, Kog? PDH) (78)

where

PDH is the electrical power devoted to deicing, and
KDH represents the design features.

The deicing heater, like the heater of the pitot tube, is self-regulating.

Probas with bleed air deicing systams can be supplied for measurements of compressor inlet
temperature (cf. Figure 22, right), In that case any deicing heat error that may develop will be a
function of the flowrate, the bleed air temperature, and the probe design.

Sinca the deicing heat error will occur only in heatad probes for TAT and CIT measurements,
it 1is not necessary to cousider it for any other type of probe.

5.2,3 Tewmperature Lag Error EL

The temperature lag error encountered in measurements of air and gas temperatures(outside air,
compressor inlet, engine exhaust gas) is an aerodynamic error, and occurs ouly when there are changes
in total tempersture (when the static air temperature and/or the air speed change). In that case, a
period of time is required for the element to reach a new state of temperature equilibrium (ef.

Figure 79).,

If the response of the probe corresponds to a differential equation of the first order, the
relationships represented in Figure 78 (solid curve) will result when a certain temperature value TA
changes abruptly to another value Tp. The measured temperature T, will change as an exponential
function of time t (in seconds), in accordance with the equation:

Te T x| ot/
T, - T,

(79)

In this equation, TE - Tx - EL' which is the absolute value of the temperature lag errcr at time t,.
The time constant 7T (measured in seconds) is the time required for the measuring instrument to reach
63.2% of the temperature differance in the event of an abrupt temperature change. In that case the
i{ndicated error will be (100X -~ 63.2%) = 36.8% of the temperature change. A value of 99.33% of the
step change will be reached only after five times the time constant (cf. Figure 84).

In the case of constant rate of temperature chanre, the indicated temperature will always lag
behind & time period exsctly eocual to the time constant. The temperature lag error is ecuivalent to the

* One for the TAT indication, the other for the air data computer.
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product of time constant and temperature gradient.

T
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E et AT/At (80)

The time constant T of a tempersturs probe can also be defined aa the product of heat
capscity C and thermal resistance “v in the boundsry layer on ths probe element:

T=C nbl - f(pT, M, KL' c) (81)

-
S e e L2

Consequently, it 1is a function of total pressurs and Mach number (or altitude and Mach number), heat
capacity C of the probs, and other design features. The latter factor, represented by K also takes
; into consideration the flow conditions, the heat transfer coefficieant, and other effects. The time
constant remains independent of the tamperature values (TA’ Tgs T etc.) as long as the physical
characteristics of the flowing medium are independent of temperature. In the case of probes located in
engine inlets the air flowrate is used instead of altitude and Mach number. In that case the time

t constants T and Tipe respectively, for the flowrates QI and °II are inversely proportional to
1 the square root of both flowrates:

7 = Bl (82)

The temperature indication lag of sealed elements (cf. Figure 80) is up to 100 timus greater than that
of open-vire types, where the mass is considerably smaller and the surface of the resistance wire is in

direct contact with the air (cf. Figura 83). However, open-wire types almost always have multiple time
constants, cf, below., Figures 81 and 82 show the time constants of scme CIT and EGT probes as functions
of the flowrate (mass velocity),

It ig true that a cercain portion of the probe time constant can be compensated by simple
means (Reference 52). Howsver, since the time constant can change by a ratio of three to one over the

performance range of an aircraft, this possibility has been exploited only in special cases to date.

, ) However, it can be of interest for flight testing purposes, since it is relatively inexpensive,
E The time constant of simple probes installed in the aircraft's boundary layer is dependent A
a . on the installation since the air that contacts the probe has already experienced a temperature exchange 3
) with the aircraft fuselage. Also, the fuselage requires much more time to follow temperature changes ‘

than the small probe. Consequently, the time constant of the probe iu this case is increased. To & !

smaller degree, this also applies to a TAT probe if it is installed im an inlet wall for CIT messurements
(cf. the corresponding paragraph in the discussion of probe location error, above).
If a probe reacts faster to temperature increase than to the same magnitude of temperature

decrease, this is an indication of & large radiation error (Reference 47), typicsl for older types of
temperature probes.

TR

The spatial resolution of temperature measurements, that is the distances covered at different
air speeds, vs. three times the value of the time comstant - corresponding to a relative temperature lag
E error of 5% of the temperature change - is illustrated in Figure 85.

Qi ek
Dbt M g

Consequently, assuming that the probe response corresponds to an exponential function (or a

differentisl equation of the firat order), the absolute value of the temperature lag error EL
(measured in % or °K) is:

PR PRyt

. o~t/T
E =Tp =T, =(Tg=T)) e (83)

The left-hand disgram ot Figure 84 shows the scquired portion of a temperature change, or
the relative tempsraturs lag error (both stated in percent of the temperature change), as a function
of the ratio of the selected time tx to the time constant 1, Shifting to the right~hand diagram the
absolute value of the temperature lag error in °C {(or °K) is directly obtained as a function of the
scquired absolute value of the temperature change.
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The response of many resistance probes to abrupt temperaturs changes no longer corrssponds to
s single exponential curve; rather, it can be subdivided into sasveral exponential portions (shown as
dotted curves in Figure 78)., The first, rapidly reacting portion is fraquantly intsrpreted as thes
behavior of the rasirtgnce wire, and the additional ("slowsr") portions as the behavior of the radiation
shield, the mountings, and the probe housing. In these cases several time constants must be used, One
example of this type is shown in Pigure 83 for the Typse 102 E 2 AL probe with open-vire slement. The
reaction bahavior of this probe can be described by two time constants, where the following equation
applias for the absolute valus of the temperaturs lag error EL‘

ki eI RS

NG T T AT

AT RN

B =Ty =Ty= (Ty =T, + (0.8 T v 0.2 ¢ 0"t Ty (84)

The time constant cannot be messured in stagnant air (this holds also for self-heating) but
only in an exactly defined flow velocity, since otherwise the heat transfer would be dependent on too
many parsmeters in too complex a relationship, and the resulting instrument readings would show too
great an error spread, Therefore, the measurement must be performed in an air flow of constant velocity
but abruptly variable temperature. At least four values for the temperature change of the probe must
be massurad (for instance, 20%, 502, 63,22 aund 90%), in order to ba able to plot a curve of sufficient
accurscy. Only if the times for 50% temperature change are equal to 0,693 T and for 90% equal to 2,303 T
(Reference 13), will the curve rspresent s simple exponential function. This is the only conditiom for
vhich the time constant 7T is in itself sufficient to determine the indication time lag.

In a thermomater array a time constant is not only associated with the temperature probe but
also with the connected unit (for instance, the indicating instrument). This results in a
thermomater tims constant 7', defined by the squation:

e T T Y T
TRRLFE RS NIRRT R P PRI

N
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i R R U (85)

Here T 4is the time coustant of the probe (with simple time constant), F is the damping ratio (in

most cases between 0.7 and 2), and w, 1s the (undamped) natural frequency of the indicating (or

recording) system (in radians/sec). Since the natural frequancy of thesa systems is far greater than

10 Hz in most cases, the contribution of the indicating instrument to the time lag ¢f the indication ; 9

or recording is 80 smaull in most instances that it can be disregarded (exception: whera the instrument 3

is connected to open-wire probes) (Reference 3). %
Since temperature changes are individual, short-tims phenomsna whose exact profile (abrupt,

sinusoidsl, etc.) is usually unknown, the observer will usually delsy his reading until the indication

has stabilized after a certain period of time (corresponding to three to five times the time constant).

This means that the temparature lag error (like the lag error in the pitot-static system) is normally y

disregarded, For the reasons named above, a true correction could be mads, at best, st a later time to

é the recorded values. Howevar, this problem is easy to deal with only whera the tamperature changes are

: step changes from one constant temperature level to another constant valus, or where they are changes

with constant tempera.ure gradients (°C/sec). All other changes require slaborate mathematical treatment

: (Refersnce 3), particularly where probes with several time constants were used,

The same considerations apply to the resulting time constant when messuring temperatures
in liquids, In its expanded form the squation T = C * R reads:

T,

1
e, * v 3
TESTR (86) §

where

° is the specific heat, Huc/cn3 %%, of the liquid;
is the voluma of the probes, an3;

v .
S is the effective surface of the prodes, cnz. and ’
h 4is the heat transfer coefficient, W/clz °x

Since the heat transfer coefficient is much greater for liquids than for gases, the time
constants will be much smuller so that they can ba disregarded, in most instances, compared to the
rate of change of the tamperature.
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Where tamperatures ara measured on surfaces and in solid bodies the time constant of the
measuring element is practically insignificant,

5.2,4 Instrument Error 'I

This category is composed of the errors involved in the indicacing instrument, recording
instrument, or telemstry system, as well as certain errors involved in tha probe and in the electrical
lesds. The information provided balow applies for all types of temperaturs medsurements. The ingtru-
ment errors are always a function of the measured temperature, while the majority of the errors in air

or gas flows that were discussed earlier are primarily a function of sir speed, which of course makes
corrections much more complicated (cf. Chapter 6),

(a) Probe Calibration Error F‘OAL

The calibration error of & resistance measuring slement depends on the type of material used
and on the quality of the instrument, The following tolerance limits are customary:

Platinum elements standard = ;n-_o.zs°c + 0.5% of the indicated temperature (°C);

spacial = :O.l°c. for instance from -50°C to +150°C

Nickel elements standard = _-0_-1.2°c. in the rangs from -50% to +150%

special = :o.1°c. in partial ranges.

This calibration error can be encountered as a parallel displacement of the standard
calibration curve (resistance/tempeuture or voluge/tempent.ure), as deviations in the slope of the
curve (but retaining the primary calibration point at 0°C), as an irregular, positive and/or negative
deviation from certain parts of the standard calibration, or as a combination of these, The elements
listed as "special quality" above are types with closer tnlerances (such as the so-called CI elementy*}

and built-in auxiliary resistances. These elements have two calibration points [af Figure 36) and are
directly interchangesble without recalibration of the thermomster. However, since their calibratiorn

curve has & little less slope than the curve of standard elements, they must be used in conjunction
with specially calibrated indicating instruments (for instance bridge circuits, etc,).

The tolerance limits of the most important resistance temperature probes are shown in
Figures 87a and 87b. The actual calibration errors of these elements are located within these
boundaries,

In the cass of thermiastors and all other typss of sumiconductors the dispersion of the
calibration values of individual instruments is usually very largs, However, some companies market
types with narrover tolerances that are directly interchangesble, This is achieved through series
and parallel resistances built into the probe base, smo that standard calibration curves apply for
these types. The calibration accuracy in the desired temperature range is typically about -_0-_0.1°c.

The calibration errors of thermocouples are within the tolerance limits of 0.5% to 0.75%
of the indicated temperature (cf. Figure 88), meaning that the voltage deviations csuged by the
calibration error corrsspond to a maximum temperatura error of ;0-_5°C to 17.5°C at & probs temperature
of 1,000%.

A calibration change as a function of service life is mentioned in many performance
specifications of resjgtance probes. In most cases it is so small that it can be neglected, However,

calibration changes can take place suddenly, for instance when the recommended maximum temperature
values are exceeded, when '"contamination" occurs as a result of chemical effects, or when the
alenent was mechanically damaged, Since effects of this typa frequently remain unnoticed, it is
advisable to verify the calibration curva from time to time, especially where the probes do not
remain in place permanently - for instance, in flight testing programs. Special care is indicated
in the case of thermocouples made in-house, since these are subject to aging effects. Mass-
produced thermocouple probes are supplied in aged condition and retain their calibrated values over
relatively long pesriods of tims. This applies especially to gealed probes with welded contact
points, The service life of thermocouples depends on factors such as the type of material used,
the thermal load exposurs, the design, any chemical effects that may be encounterad (oxidation,
reduction), and mechanical stress (espacially whers the contact leads are twisted). Also, the

* PCI = precision calibration interchangeability,
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so-called “restructuring effect" should be mantioned. It occurs when mechanical stress on thermoelectric

. : conductors results in an "amplification” of the inhomogeneities of the crystalline structure of the
¥ conductor material and hence in s change of calibration, for instance when the immersion depth cof a
thermocouple probe is changed.

Tharefore, the calibration of thermocouples should be subject to
continuous verification at not too infiequent intervals,

(b) Electric Lead Error Ew

In the case of resistance thermometers the leads between probs and indicuting instrument have
a certain resistance (called "line resistance”) which, for instance, amouats to about 0.5 ohm in the

cage of a 16 m l:angth of AN 20 = 0,6 mnz cable (Figure 89, lower diagram). As a result of the allowed

production tolersnces (+52), this resistance can vary by ab.ut +0.025 ohm between two lines using the
: cable meutioned above. Additional differences result from i... intermudiate plugs and terminals, and
3 from the different lengths and different temparatures of the cables,

Consequently, in most instances
the individual probe leads have different resistance values which, moreover, can be subject to change

in the same direction or in the opposite direction.

Where & probe 1g connected as shown in Figure 89, circuit type (a), which is & two-wire circuit,

the resulting line resistance R, will equal the sum of Ry wd R, The resistance value of the
probe Rx increases, resulting in an erroneous temperature indication, The magnitude

of the resulting lead error Ey (in °c) depends on the magnitude of the resistance Ry and on the slope
of the R/T characteristic,

R T T SR IR T IR

. T

It is seen from the upper diagram in Figure 89 that a value of (0.5 + 0.5
+ 0.025) = 1,025 ohm for Ry, in the cage of a 50-ohm Pt probe would result in & lead error of about
+5.3°C. but only in an error of +0.53°C in the case of a 5(0-ohm Pt probe*,

i On the other hand, where the ihrae-slre circuit of Figure 89 (b) ia used, the resulting i
; reslstance R, will be approximately equal to the difference between R and Riae In the example f
; ' mentioned above, this would corvespond to & value of about 0.025 ohm, resulting in an error of only Q
g about 0.13°C for a 50-ohm probe (Pt), and in an error so small that it can be disregarded for a k

500~ohm probe=, Therefore, low resistance probes should always be operated in a three-wire circuit#*, ?

As & rule, the leed error has a pousitive sign. However, indicating instruments exist whose
scale ig already calibrated for a certain amount of lead error. In that case the actual lewd error

must be adjusted to this rated value through calibration resistancea. A better system is represented
by lastruments with built-in calibration resistances for lead calibration at two poiats of the scale,
The leal error can be detined by:

EW - f(pwo Rxo Kw) P 87 i
' where the .Jactor Kw rapresents the type of circuitry (two-wire or three-wire) and the slope of
3 the probe characteristic.
1
As & rule, suppiying resistance probes with slternating current (400 Hz) instesd of direct
3

current will not in itself be a source of error. Unshielded leads can cause indication errors
(periodic fluctuations anl the like) in the indicating instruments,

] Parasitic thermo-voltages in resistance thermometers caa only occur as & result of gross
ﬁ infractions of the customary cable-laying rules (to test:

interchaage the leads to the probe
and compare the indications),.

PRI

: Parasitic noise voltages can develop at locations with high vibration levels (for instauce,
r' st the engine inlet), if unsuitable probe types (or plugs with oxidized contucts) are used. These

are often caused by the so-called strain effect, i.e., by & resistance change in the wire as a result
of mechanical strain (as in strain gauges).

S L L

* Thesea values apply only for bridge circuits where R and Rb (or Rx and RJ in the case of the
circuite in Figure 25a) have approximately equal nagfitudes. :

** Four-wire circuits are used for special requ'rements inm flight testing (Referances 18 and 21) that are
even better; howaver, they req-ire special bridge circuits, cf. Figure 3lc,
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The error caused by so-called internal line resistance (i,e.,, by the resistance of the lead
elements between measuring element and the plug connection of the probe) is so small in the types
custonarily used in aviation that it can be disregarded, since the elements are wired in three-wire or
aven four-wire circuitry inside the probe housing.

Several types of line error are encountered in the connecting leads between thermocouples and
indicating instruments, One of these is due to the ohmic resistance of the extension leads which is
much grester than that of copper leads of the same diameter. Therefore, where simple indicsting
instruments are used (millivoltmeters), a calibration resistance must be provided which is used to
adjust the cverall resistance (of thermocouple plus leads and calibrating resistance) to a certain
rated value RL (for instance 8.0 ohma). Resistance changes ARL in the conductor loop will enter
into the indication, depending on the internal resistance Ri of the instrument. In that case, the
ohmic component of the lead error (in %c) will be

el B SRS

BBl .

Elogl s+ wr " ™ (88)

wvhere Ti 1s the indicated temperature* of the instrument (°C). Self- balancing compensation bridge
circuits do not have any current flow so that this error component is eliminated,
Additional components of the electric lead error,that occur in the leads of thermocouples as

a result of the Seeback and Becquerel effects (cf. Chapter 3), are the parasitic thermovoltages which
cannot be compensated, Parasitic thermocouples result, for inatance, in the extension leads where they
are passed through other materials, (normal comnecting plugs or terminal boards), especially where a
large temperature drop exists at the lead-in point. The opposing thermovoltages that are generated at

these points will cancel each other but only if these two comnecting points have the same
temperature. Therefore, special-purpose plugs with pins and sockets of the same material as the

PR

extension leads are supplied for the points where these lines must be passed through engine casings and
bulkhead frames. However, temperature gradients along the balancing circuits are unavoidable.

Consequently, the calibration of a thermoelectric thermometer will be accurate only if the temperature
digtribution along the extension leads is reproduced in the exact pattern that existed at the time of
calibration., But this cannot be achieved in flying operations. This error can reach values of
several degrees centigrade, but it is impossible to compute it,

The etrain effect is primarily responsible for the development of parasitic noise voltages**

R o o

in the nresence of vibration, These voltages can amount ot more than 100 microvolts. In the case of
thermocouples with non-welded contacts (such as twisted wires) the strain effect is further "amplified"
by changes in contact pressure during vibration and temperature increase fo that elements with welded
contacts will always yield more stable data. 3

Electric lead errors in all types of electrical thermometers can be further generated by :
externally induced voltages in the leads (primarily 400 Hz cf. Chapter 3), In this case the probe
leads would have to ba twisted wires placed at a distance from all other lines, or shielded cable which
will cause considerable weight (and cost) increases.

Consequently, the electric lead error is greatly dependent on the selected thermometer type,
the selected circuit type, and additional parameters. The magnitude and sign of this systematic error
can differ greatly even betveen systems of a similar appearance,

(¢) Instrument Error of the Indicator

s .

The most important systematic error is the calibration error or scale error which is caused

primarily by inaccuracies (during the calibrating operation), in adjusting and reading the instruments,

.

and also through geometrical inaccuracies of the scale, It is determined under laboratory conditicns
(so that small lead errors can be disregarded) and is stated as the deviation of the temperature
indication from the resistance/temperature curve or voltage/temperature curve of the associated probe

* In the case of thermoelements whose reversal point Tu of the direction of the output current is not
located at 0°C (but at +20°C, for example), the expression (Ti - Tu) must be substituted for Ti in
the equation,

*% The possibility of noise voltage demodulation at non-linear circuit elements cannot be excluded
completely so that not even filters will be able to separate it from the useful voltage. This applies
even for RF injections;for instance, one indicator always indicated temperature changes during VHF

voice radio traffic! ,




- N

5T T

TR AR LY

YR N L AR A

o pe— e

59

element (cf, Figure 90, & and b), For this purpose the slement and its leads ara replaced by & variable

standard resistance or standard voltage source. This error can be incluenced by additional

arrors such as the aging error that causes & gradual change in the calibration curve as a result of &
change 1in the characteristics of electrical components or as & result of a compensation of mechanical
strains in the metal of the instrument's machanical slements.

The group of statistical errors includes both slastic errors and electricsl errors, such as
drift and hysterasis errors.

are frequently found.

In addition, mechanical errors such as transmission and friction errors
A more detailed discussion of all the arrors encountered in indicators is not
necessary here, since these problems have been covered exhaustively in the appropriate literature.

Frequently, the term inastrument calibration error or instrument scale error is understood

a8 including the sum of all the errors of the instruyment, It is then stated as a systematic error with

s statistical component, for instance, in the form of a calibration curve with additional parallel

boundaries indicating the measuring uncertainty (cf. Figure 90a). The overall accuracy of the instrument

states the tolerance limits wvhere the indication must be located under the stated environmental conditioms,
and includes all the errors of the instrument,

It is givan either in percent of full scale or in
absolute values at certain points of the scale,

Typical values for outside air temperature indicstors
with resistance probss are shown in Figure 90, & and b, and for engine exhaust gas temperature
indicators with thermocouples in Figure 91,

Two additional types of errors must be mentioned here: the so-called environmental errors
that can develop as & result of external effects on the instrument, such as temperature, attitude,
acceleration, vibration, or magnetic field effects, but they are eithexr not present in the nornal

flying state or they will occur only with improper instrument installation. On the other hand, the
read-out errcr is dependent on the type of indication, that ias, on the number of scale marks or needles
in the case of dial-type scales, on the subdivision of the lsst numeral drum in the case of digital drum
indicstors, on the size of the numerals, on parallax, and the like.

Since these are avoidable errors
they require no detailed discussion here.

6. PRACTICAL TEMPERATURE MEASUREMENTS

Thig chapter summarizes and supplements the ralationships discussed in the preceding sections
that are observed during measurements in air and other gases, in liquids, on solid bodies, and on
surfaces, and explsins the different aspects that must be taken into ccnsideration for the selection

of the suitable thermometer type, probe design, and indicator. The following paragraphs discuss the

calibration of the measuring array and the systematic order and practical examples for error correctionm.

6.1 Different Types of Temperature Messurements

6.1:1 Maasurements in Outside Air

Basically, two methods are discussed here:

(a) Temperature measurements using simple probes installed in the aircraft's boundary layer;

(b) Temperature messurements outeide the aircraft's boundary layer.

Simple probes used to measure temperature in the boundary layer of the aircraft are
relatively inexpensive. Since the dependence of local flow and temparature relationships at the probe on
the characteristics of the unperturbed flow sround the aircraft is highly complex (cf. Chapter 4, above),
large measuring uncertainties arise that increase rapidly with increasing airspeed. Since in this
case the wind tunnel measurements cennot be transferred to the probe installation in the aircraft, time

consuming and costly measurements must be taken in every individual instance.

G v atd el e L

Moreover, cost
effectiveness demands that a cheap probe be coupled only with inexpensive indicater instruments (or
appropriate adapter circuitry for recording or telemetry purposes) that have a low accuracy level

(such as 1 to 2% of the instrument range), Finally, these instruments require a large measuring

current which causes a self-heating error, the magnitude of which increases with decreasing airspeed.
Consequently, probes installed in the boundary layer have a number of disadvantages:

(a) Measuring uncertainty incresses sharply withr Mach number; the upper limit of feasibility
is located between Mach 0,3 and 0.8, depending on design. Where simple measuring instru-

ments (or measuring circuits) ar~ used, the lowsr limit is located between about Mach
0,15 and 0,2, because of the sslf-heating arror.
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(b) The selection of s probe location is about as difficult as it is for static pressure
gsensing, and must be governed by the same principles.

(c) An appreciable time lag in the event of & temperature change is caused by the
temperature exchange between the air and the aircraft surface forward of the probe
location.

(d) The majority of simple probes do not have a radiation shield so that direct (or reflected)
solar radiation cen result in considerable measuring errors (+4°C, and more), However,
where radiation shields are used, thay will sometimes affect the flow to such a degree
that even small directional changes in the air flow can cause abrupt changes in flow
velocity at the probe and, consequently, a large dispersion in the measured data.

(e) This type of probe cannot be protected sgainst icing.

(f) The errors of simple temperature probes must be determined through measurements on every
individual aircraft tvpe, since wind tunnel measurements cannct be transferred.

Where this measurement procedure is used, probe configurations should be used eéxclusively
where the inflow is parallel to the aircraft surface (such as the L-shaped rod probes illustrated in
Figure 12¢ or flush bulbs as illustrated in Figure 14), since these types have smaller airspeed errors
and the errors are more evenly distributed over the airspeed range than probes with lateral inflow.
The probes should be mated only to galvanometer indicating instruments in order to keep the self-heating
effect small, however, these instruments should still be calibrated individually. The probe location
should be at approximately the same point On the sirframe forward of the cockpit where the static
pressure sengor for the pilot static system is located* (or might be located). If feasible, the probe
should be slightly displaced toward the fuselage belly so that in the normal flight attitude the
direct solar radiation exposure of the probe is reduced as much as possible, but not too far in order
to avoid an excessive effect of the angle of attack and of aircraft configurstion changes (due to
landing gear, flaps, etc.).

The most accurate technique currently used for the measurement of air temperatures in flight
utilizes total temperature probes (TAT probes, stagnation probes) located outside the boundary layer
of the aircraft., Modern TAT probes with enclosed platinum elements are applicable over a wide range
of velocity which extends from zero airspeed to beyond Mach 3.5%%, and up to altitudes of 100,000 ft.
For flight testing purposes the relatively low price increase for elements with more stringent
calibration tolerances is always worth-while, since these elements simplify error correction
considerably (cf. Section 6.2). For the same reason, only good servo instruments should be used as
indicators which, moreover, afford a capability for the installation of independent recording outputs
(cf. Section 2.2.6). The special calibration curve of elements with clese tolerances must be taken
into consideration for the selection of the indicator instrument.

When the probe is selected, types with internal air deflection in front of the element
should be preferred, since they show only a fraction of the error caused by the liquid water content
of the air during rain or snowfall, or flight through clouds, common to all other types of probes. In
the cage of straight TAT probes with lateral exits where the air is not deflected until it has
passed the element, a considerable increase of the heat conduction error, resulting from water accumula-
tion about the leads, can be expected,

In the case of measurements here a short indication time lag is especially important (for
instance, messurements during accelerated flights), TAT probes with open-wire elements can be used

i e sa

whose time constant is up to 20 times smaller than the time conatant of hemietically sealed elements. These

elements, however ,are too fragile for general flying operations, and a probe deicing system turned on
at zero airspeed may overheat and damage the element. It is true that any ice which may have formed
during a period on the ground will melt in flight. However, this may result in ice bead tformation on

* At these points where the messured static pressure is approximately equivalent to the non-perturbed
static pressure, the local flow velocity will also be approximately equivalent to the true airspaed
or, in the same sense, the local Mach number will be spproximately equivalent to the true Mach number.

*% At even greater airspeeds, where the totsl temperature exceeds values of 500°C, TAT probes with
thermocouples should be considered (cf. Figure 40),
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the wires that cause vibration in the air flew, which could lead to wire breaks. In fact, such failures
have been exparienced using elemants with & uominal resistance of 100 ohms (meaning very fine wires)
in supersonic flight, and were probably due to shock wave effects and/or rescnance effacts.

The combination of a TAT probe with a good servo instrument, although relatively expensive,

has practically no self-heating error even at the extremely low airspaeds typically encountered during

helicopter or VTOL sircraft flights, In addition, the time constant of these probes is practically

insensitive (slight incresses) to the extremely high angles of attack sometimes experienced in these

aircraft during vertical take-off or turning maneuvers. It should bs noted that these characteristics

are only applicable when the probe deicing system is turned off. In helicopters* and VIOL aircraft

this system should be turned on only in cruising conditions, Otherwise the deicing heat error would

rise greatly at low forward spaeds, especially when combined with climbing or descending flight (whera

the probs is axposed to a large angle of attack)., Similar considerations apply also for conventional

aireraft, if precise temperature msasurements are required during low airspeed conditions or during the
takeoff and landing phases.

In the supersonic range, TAT probes, unlike the pitot tubes, are largely insensitive to normal
shock waves since there is no change in total temperature across the shock. Another advantage is the
characteristic, inherent in the dasign of various types, that the recovery factor which remains constant

in the subsonic range (up to about Mach 0.7) rises gradually in the range from Mach 0.7 to 1.0, and then

rapidly approaches a value of 1,0 in the supersonic range. The recovery error (stated in Z of total

temperature), and hence the measuring accuracy of a good TAT probe, remains approximately constant
above sbout Mach 1,0%%,

This assumes that gross errors were not made in the selection of the probe
location.

Wind tunnel caslibrations of TAT probes are also directly applicsble assuming, again,
corract probe installation on the aircraft.

The selection of a probe location for TAT probes is not very critical.

Any location is
appropriate that would be suitable for a pitot tube (total pressure).

The probe inlet aperture should
point exactly in the flow direction whan the airecraft is in its normal flight sttitude, and should be

located outside the -aircraft's doundary layer. This means that an especially favorable area is the
gircraft nose, in the zone where the flow is still attached. Vorticity zones should be avoided
(behind propeller, antenna boom and the like).
Table 8 shows a compilation of the error types that can occur during OAT and CIT
measurements, and the conditions under which these errors are avoidable or unavoidable.

TABLE 8 ERRORS IN OAT AND CI1 MEASUREMENTS

grror Counterneasures Error not Error

due to avoidable for excessive for

Probe location Hovering or Hovering or

Attitude ) Selection of location vertical £light vertical £light

Velocity TAT probe (01d probe types) Trang~ and
supersonic spesds

Conduction, TAT probe Mach > 2.5 at Low speeds at

Radiation altitudes > 60 000 high altitudes

feet

Self heating Servoad indicator Ratiometer~indicator Low-cost
instruments at
very low speaeds

(a)Deicing heat (b)Switching out of Low speeds and/or Low speeds at
heater at low spseds high altitudes

high altitudes
(a) If deicing hester provided
(b) For helicopters, use of reverse-flow probes

* For helicopters the use of new reverss flow probe should be considered, which is fairly insensitive
to icing (cf. Section 2.1.5).

% Cf, Section 5.2.
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Probe calibration

Scale

type and location
Selection of type

Servoed instrument

(Low-cost types)

(Low~-cost types)

3 ; 62
; TABLE 8 ERRORS IN OAT AND CIT MEASUREMENT (CONTINUED)
: ,f Error Countermessurss Error not Error
y due _to avoidable for _excessive for
Lag Selection of slement Rapid variations of Fully iced probe
(Open-wire element) speed and/or altitude (Without dedicing)
Lead Thres-wire connection Lower resistance Low resiatance
slements slements with
two-wire connec~-
tion and long
leads
Vibration Selection of probe (01d probe types) Some engine

stations

(Low-cost types)

(Low-cost types)

6,1,2 Temperature Measurements in Air and Gases of Engines

In the case of reciprocating engines the only temperaturs messurements which are usually of
concern are the carburstor temperature and possibly the air inlet temperature. Well-type probes
(cf. Figure 12a, b) are preferred for these measurements., As a rule, simple probes are sufficient
in these applications, since & sharp local increase of air velocity and hence an expansion and
decrease of static air temperature is frequently ancountered at the measuring point., Condensation and
icing effects must be expected on the proba at low air temperatures combined with relatively high humidity,
of the type described in Section 5,2.1., This means that the determination of exact temperatures can
become very difficult.

I

In the case of jet enginas, the most important temperatures are the compressor inlet
temperature (CIT) and exhaust gas temperature (ECT), in addition to other measurements that may bs
required in flight testing, These temperatures must bs acquired as total temperatures, since only
3 these will yield a trus messure of the total energy level of the gas. TAT probes should be used in
A this application in order to obtain rassonable measurement accuracy. Data obtained with simple probes
Z require corrections based on the simultaneous measurement of the local Mach numbers and/or the air or
gas flowrate (mass flowrate) at the point at which the temperaturs is measured, In most inastances,
these data are not available,

i
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3 6.1.2.1 Important Engine Temperstures

The compressor inlet temperature (CIT) which depends on static air temperature, inlet
geometry, and engine air flowrate, is an important operating parameter and is therefore, determinad
separately (possibly at multiple points) for high-performance aircraft., In the case of supersonic
i aircraft, engine life varies directly with the CIT (due to heat stagnation in the compressor), and
; this in turn determines the maximum permissible airspeed for the given situation. Moreover, in many
ongine types the CIT is needed as an input to the fuel control system, the comprassor vane control
system or the air inlet control system. At the present time the maximum acceptable CIT value is ;
sbout 100°C y in special cases (SST) at about 160°c. [

Additional measuring points on the coupressor may arise in flight testing, for instance at
approximately the middle of the compressor (intermediate compressor temperature) and at its outlet
(compressor discharge temperaturs), where the temparatures are considerably higher but still within the
normal application ranges of platinum probes fitted in special housings.

The exhaust gas temperature (EGT) is measursd on a4 continuous basis in order to achisve the
desired thrust within the safety limits of engine temperature. In steady-state flight the EGT
immediately behind the turbine is usually about 800°% (in special cases more than 1200°c). and can be
exceeded only for short periods of time. In some jet engines the EGT is used as an input for the
sutomatic control of jet nozzle cross~section ares. Where an afterburner is provided behind the
sngine, the temperatures behind the afterburner (when it is in operation) will reach extremely high
values (up to 1800°C). The EGT magnitude and local distribution, however, depend on a great number
of parameters (such as gas and air flowrate of the engine, distance of measuring points from the
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afterburner plane, etc.) and can be evalusted only after taking all these effects into consideration.
Therefore, temperature maasuring points behind afterburners sre not customary in normal flying operations
but may become necessary in engine and flight testing.

6.1.2.2 Selection of Temperature Probes

The expected temperature ranges, the high flow velocity, and the availsble installation
possibilities must be taken into cousideration when selecting the temperature probes for CIT measurements.
It was formerly the practice to employ thermocouples exclusively since, on the one hand, less signifi-
cance was attributed to exact inlet temperature measurements and, on the other hand, thermocouples are
less sensitive to vibration because of their small size and moreover, are relatively inexpensive. More
recently, howaver, specisl-purpose resistance probes have been davaloped that are insensitive to
vibration and yield a voltage change of about & mv/°C at a resistance change of about 0.4 ohms per %
temperature changs and a current of sbout 10 mA, compared to about 0,011 to 0,045 av/%¢ for thermo-
couples. Of course, this slmost 100 fold increase in output voltage provides better resolution
and measuring accuracy. However, s much more important consideration is the noiss voltage produced in
thermocouples due to intenge engine vibrations which can be in the order of 100 pv or more. This
phenomenon will impede the execution of measurements where high accuracy
is of paramount importance, The noise voltage is dependent on engine rpm (but is
not proportional to it) and has a frequency spectrum ranging from a few Hertz to several kiz
(Reference 54). Therefore, a special-purpose TAT probe with resistance element should be used in evary
instance where the relatively low compressor inlet temperature, CIT, must be messured. Simple and
inexpensive resistance probes designed for minimum sensitivity to vibration are available for this
purpose. As examples, one design utilizes an open-wire nickel element (temperatures range from -70%
to +260°C with a claimed accuracy of #0.1 ohm, corresponding to ip.1°c at temperatures near 1oo°c.
cf, Figure 20b), and another designed with s sealed platinum element (temperature range from -260 to
+600°C, cf. Figure 20a). Special configurations of these probes are especially suited for meagurenents
in the compressor (intermediate compressor temperature) and behind the compressor (compressor discharge
temperature). Special-purpose types are available for combined pitot-static pressure and inlet
temperature measurements where the probe must be able to sustain mechanical dauage without shedding
parts upon deformation*; some of these can be protected against icing with the aid of bleed air. An
important consideration for the selection of a probe is the problem of the tima constant, since
electronic fuel control systems require a much shorter probe time constant than hydromechanical fuel
control systems where excessively short time constants would result in unpleasant control oscillations,
especially in the vertical lift engines of VTOL aircraft.

On the other hand, thermocouples are the only recommended probe type for exhaust gas
temperature measurazents, since almost all presently available resistance probes would suffer damage
at this location during the short-time temperature peaks that develop frequently at this point. TAT
probes with exposed elements are shown in Figure 39. The exposed and shielded configurations of simple
probes shown in Figure 38 are not as desirable since their racovery factor is flow-dependent, The
computation of corrections for different states of operation becomes very complicated. The immersion
depth L of thermocouples into the gas flow should be about 12 to 15 times the diameter of the
cylindrical part of the probe, in order to keep the radiation error at a low level. Also refer to
Section 5.2.,2 and Figure 73.

In the case of exhaugt gas temperature measuraments behind afterburners,we must take into
congideration that the maximum temperatures experienced by the probe greatly exceed the temperature
range for which the calibration of most thermocouples is stable. Therefore, their life will be sghort,
even in the case of special-purpose types, and the probe must be recalibrated at the maximum permissible
temperature (to avoid destruction of the element) after every flight or series of messuremesnts. It is
unknown whether probes of tungsten rhenium are available for applications in aircraft. This material,
which is used in space technology, psrmits the measurement of temperstures up to 3100°C with neasuring
uncertainty of about :7°C.

* Danger of engine damage,
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6.1,2.3 Selection of Probe Locations

The cross-gections just ahead of the compressor and just behind the turbine have proved to be
good probe locations for CIT and EGT, It is much more difficult to determine the number and arrangement
of probes at the selected station., Radial velocity and temperature gradients occur in air or other
gases moved at high velocity through a duct, depending om the types of flow that develop, but these do
not differ excessively since air and other gases have a Prandtl number close to 0,7, It is quite
difficult to determine the temperature gradients in the flow through computation, since inlet and exhaust
ducts deviate greatly from the "ideal" cylinder with respect to their length and geometry, and the
instantaneous or effective values of too many parameters would have to be included. Moreover, the
engine stations where temparatures are usually measured sre located at the transition points between the
circular cross-sections of inlet and exhaust ducts and the annular flow cross-sections of compressor
and turbine, The conditions prevailing in the air inlet of a suparsonic jet were already described in
Section 5.2.2 and illustrated in Figure 65, Therefore, the frequently used procedure is to measure
the radial velocity distribution first, (possibly as a function of angle) using pitot tubes (or a
“comb array"), in order to obtain an idea of the temperature distribution to be expected,

When it is found that thare will be no ssymmetrical pressure or temperature distributions
over the entire operating range of the engine, it is theoretically sufficient to use a single probe
per cross-gection where the temperature is measured. If the pressure distribution ia asymmetrical,st
least four to eight probes mugt be provided in different sectors. The conventional, fixed array is
one to four resistance probes in front of the compressor, and four to twelve thermocouples behind the
turbine. The latter are frequently designed as dual probes (with two elements). One set of these
elements is switched parallel for an average temperature measurement, while the other elements are
each individually connected to a test plug in order to measure, for instance, the temperature behind
each individual combustion chsmber. For flight testing purposes, considerably more probes are
usually provided in front of the compressor, in order to monitor the temperature distribution over
the cross-section.

The exact location of the probes in the cross-section to be measured must be selected go
that the temperature-gensitive elements are placed neither too near the tube or engine side, nor
exactly in the center of the flow, since it is the mean value of temperature that is desired. A
"rule of thumb" is to place the probe in the zone between 25% and 752 of the radius in the case of
a circular cross-section, or into the zones between about 12% and 36% and/or 64X and 88% of the
ring width in the case of annular cross-sections. Several concentric ringe of probes with separate
outputs are always required where it is intended to acquire not only the temperature relationships
during flight but also the conditions prevailing during start-up of a cold engine. This is the only
possible method to acquire the distribution of the temperatures that are entirely different in this
state of operation (or to acquire the tempsrature differentials between tube wall and the gas), in
order to form conclusions as to the most advantageous probe location for the acquisition of the mean
temperature. Algso, conditions in the air inlet of vertical 1lift engines in VIOL aircraft are
especially critical. An inhomogeneous sair mixture of continuocusly changing temperatures
snd different temperature distribution over the cross-section area is encountered at thege inlets
due to exhaust gas reflection off the ground and recirculation, together with the colder external air,

A typical probe array in the inlet of vertical lift engines, using the resistance probes
shown in Figure 21, was presented in Figure 66, where the array parallel to the flow (a) is the better
solution. In order to determine the mean temperature directly, a possible srray places three probes
in series and three such groups in psrallel so that the resultant total resistance will be equal to
the resistance of a single probe., Another posgsibility is to place four probes (each with a nominal
resistance of 50 ohms) in series, and to place two of these groups in parallel go that a total
resistance of 100 ohms will result, In that case a maga-produced instrument (for 100-ohm probes)
can be used, |

6.1.3 Temperature Measurements in Liquids

As & rule, measuring the temperature of liquids in containers does not involve any
difficulties since the flow velocities are low and the tempersture changes very slowly. The probe
must not be installed on the topside but on a side wall or on the bottom of the container. If it is
installed on a side wall ths location must be low enough so that it will always be wetted by liquid
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as the lavel in the container drops. If it is installed on the container bottom, and if there is a

possibility of a sediment forming, the probe must be long enough to pass through the sediment (cf,
Figure 92) without penetrating the surface of the liquid,.

In all instances it must be kept in mind
that the immersion depth of the probe

(wvhich generally will be of the wall-type) should not be less

than six to eight times the dismeter, in order to keep the heat conduction error small, Also, "dead

spots", 1i.,e,, areas whers there is no flow, should be avoided since liquid layars of different

temperatures may form these locations. For the same reason, the indication can vary in aircraft on the

ground, for instance when wind gusts set the liquid into slow motion.

Where temperatyres of liquids are weagured im tubing it must be kept in mind that the

Prandtl number of liquids diffars greatly from one, so that the velocity and temperature distribution

over the cross-section area differ greatly., If “he Prandtl number is very high (for instance in

lubricating oil) the liquid temperature will be uniform over most of the tube cross-section and will
show a high temperature gradient only immediately adjacent to the tube wall,if the wall and liquid

temperatures differ grestly as & result of heast conduction or radiation. A good compromise for the

liquids used in aircraft (as it is for air) is to place the temperature probe outside the tube axis
(in the zone from 0.25 to 0.75 r).

Figure 93a shows how relatively long probes can be accommodated in a bend of a liquid
line, Care must be taken that the flow encounters the temperature-sensitive part of the probe first
and the base last, since the latter will have essentially sssumed the temperature of the tube wall.
Also, the line can be insulated extermally to reduce the conduction error (unless the line ia
extremely short), so that thea tube will approximately assume the temperature of the liquid. Possibly
the use of appropriately designed struts may be worthwhile (Figure 93c) which increase the distance

betwecn threaded socket and tube,and also permit the employment of relatively large probes in very
narrow tube cross-sections. For specisl spplications, i.e.,, for lines with relatively high internal

flow velocity, cylindrical probes for installation in tubing are available (Referemce 25), Another
frequently used procedure is to meagure the temperature indirectly through the tube wall (cf. the
next Sectiom).

The usual temperature sensors sre well-type resistance bulbs, usually with a nickel element,
of the type illustrated in Figures 12a and b,

Vhere thege are combined with inexpensive indicating
instruments that require a very large measuring current, a self-heating error must be expected.

This
error ie greatly dependent on flow velocity so that the indication may require appropriate correction.

6.1,4 Temperature Measurements on Surfaces and Solids

LA s i

i A

The measurement of eurface temperatures on aircraft is often very difficult,

Some of
the factors to be considered in the design of an installation include:

(a) the installation of a
temperature sensor with leads always causes a disturbance of the surface temperatureyb) aercdynamic

conditions prohibit the use of some probe locations which otherwise may appear to be desirable;

and (c) measuring the internal temperature of solid bodies requires special bores that may adversely -
affect the strength of the body in question.

i R

Particular care muut be exercised in the design of the probe installation in order to obtain
the best heat transfer possible between surface and temperature probe.

This 1is done using large~area
screwed, soldered, or welded contacts as shown in Figure 94, or by the extremely sparing use of an
adnesive of good heat conduction characteristics, In short, there must not be any air, paint or oxide
layer, etc,, that would provide thermgl insulation, nor should it be possible for such & layer to form
after probe installation. Especially good conditions exist where a recess can be drilled or machined

into the surface in order to embed the temperature probe flush with the remaining surface (Figure 94g)

This will avoid any major perturbance of the boundary layer even on surfacas with s high-velocity inflow
(such as aircraft skin).

R et e

The emissivity of the probe surface should be matched with that of the
surface to be measured (for instance through blackening, surface treatment, and the like) especially
where measurements are performed in rarefied gases (high altitudes). This avoids any perturbance

of the temperature equilibrium as a result of differences in radiation, Of course, ths thermsl
capacity (and hence the volume) of the temperature probe should be kept as small as possible comparad
to that of the surface to be measured so that the probe will follow any temperature change rapidly.
Yet the presence of the probe can disturb the temperature field considerably due to heat conduction

slong the electrical leads as seen from the profile of the isotherms in Figure 95a, The type of lead
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configuration illustrated should also be avoided because of the danger of a lead breaking at the element.
Rather, the leads should be placed as shown in Figure 95b, if possible along an isotherm and with good
heat conduction to the surface, and the minimum length L should be about 50 times the lead diameter d.
For measurexents on the ocutside of the aircraft skin the leads are best placed parsllel to the air flow
until they resch the nsarest frame, stringer, or web, to reduce the perturbation of the flow; from there
they are passed inside the aircraft, unless it is possible to measure the temperaturs indirectly as
described balow. Unfortunately, it is rarely possible to place the leads parallel to isotherms on the
outside of the skin, as it is seen from the examples of surface temperatures shown in Figures 97 and 98,

In the case of direct surface temperaturae measurements the actual temperature on the outside
(for instance, of an item of equipment or a pipe) is measured by placing a temperature probe on the
outside. However, if the probe and its immediate vicinity are covered by an insulating layer, a
temperature will be measurad that is very close to t'.at of the opposite side of a matal skin., This
will pernit indirect surface temperature messurements, i.e., a measurement of the surface tempersture
of the aircraft skin in an air flow by means of a probe installed on the inside of the akin (cf.

Figure 95c). The measured value would be too small unless sufficient insulation were placed over the
probe location. However, if this insulating layer wers to extend over too large an area the reduced
loss of heat would excessively change the conditions compared to the normal state, and the measured
tempersture would be too high. Consequently, most of the heat conduction error caused by the leads of
the temperature probe can be compensated via the ares and thickness of this insulating layer*.

A very popular procedure is the indirect temperature measurament of a liquid flowing through
s pipe, measuring from the outside of the pipe. Figures 96a through 96c show the tamperature
relationships in the event of unfavorable heat conduction by the lsads, the conditions where the leads
close to the probe are placed properly parallel to the pipe, and the relationships prevailing when an
additional insulation is wrapped around pipe and probe. It is seen that in the latter case the
temperatures of liquid and outside tube wall (and the probe) are almost equal. Howaver, this applies
only where the length of tha pipe is at least 20 times the pipe diameter, and where the probe is
located at an adequate distance from the ends of the pips. In other words, the pipe must be able to
assume the temperature of the liquid. Short and thick-walled tubing located on large aircraft elements
will tend to assume the temperature of that elemant (engine and the like) and are, therefore, unsuitad
for this measuring techniqus.

Similar considerations apply for temparature measurements in solid bodies, where the
measuremants must take place with a minimum perturbation to local temperature relationships. Where the
geomstry of the body permits, the bore for the temperature probe should be as narrow and deep as
possible, and the ratio of bore depth to dismeter should be greater than five to one where the body
has good heat conductivity, and greater than about 15 to 1 where it has poor heat conductivity, If the
electrical leads are placed along an isotherm on the body and can be secured to the body with good heat
conductivity, the heat removed from the leads (heat conduction error) will not be removed from the probe
location but from the environment in which the leads are embedded.

Both resistance elements and thermocouples (for higher temperatures) are used as temperature

probes. Figure 94 shows some typical resistance probes for surface temperaturs measurements, and the
wounting technique, Figure 23 shows resistance probes for measurements in solid bodies: tip-sensitive
well-type probes in Figures 23a and b, and & special design with a spring-loaded element for cylinder
head tomperature neasurements in Figure 23c which can be exchanged at any time for the thermocouple shown
in Figure 4la (provided that the leads and the indicating instrument are switched, too), Figure 41

also shows additional probes with thermocouples, including probes screwed to pipes, screwed under spark
plugs or bolt heads, and blind rivet probes. Finally, Figure 95 shows a very small thermocoupls that can
be made from thermocouple materials (for instance AN 30 wires or from a thermocoaxial line) and is
economical especially when made in large numbers. The twisted end of the lead is spot-walded to the
aircraft skin, Where the surfaces or bodies have poor heat conductivity the thermocontact is welded to
a metal plate which is then attached to the body with the best heat conductance possible, Where the
temperature of solid bodies is measured, this array must be embadded into the body. It must be kept in
mind that newly made thermocouples should be aged prior to use by glowing them saveral times, since

* This can be determined through comparison with a& contact thermometer, making sure that the conditions
ars as similar as possible to normal measuring conditions.

a2

PFUNRPTRRPINPINE IO



s

’ Mwu\-u,n. P L

.:-:-;.rmmﬁ:("""j
. ¥

4

i

67

otherwise the calibration will change too rapidly. The use of series connected thermocouples

for obtaining measurements of mean temperature 1s not possitle, if the thermocouples are grounded.
Incidentally, special resistance probes with extremsly small temperature lag errors are

available for measuring temperatures on surfaces with repidly changing temperatures (for instance,

fuselage skin of VTOL aircraft in the take-off or landing phase). This is achieved through a special

array of different resistances in ths same element, using a balancing cirecuit: "Compu-Therm" principle,
References 86 and 87, Special thermocouple types are available for measuring the heat flux (the

so-called "heat flux" transducers, References 92 and 93), whose description would exceed the gcope of
5 this paper.

i
H
t
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Additional information on surface temperature probes, the associated adhesives, and the like,
S cau be obtainad from the sppropriate company literature,

Temperature-sensitive paints shail be mentioned here that are applied to the surface of the

y body in question and will show a color change when a certain temperature is exceeded, permitting the

§ indication of temperatures in the range between about 37° and 670°C. These so-called “thermocolors" are
% supplied in the form of powder that is suspended in denatured alcohol and thinly applied with brush

: or spray gun., The drying tima is about 30 minutes. The temperatures must pravail for a period
{ of 30 minutes in order for the full color changs to take place. If the time is only 5 seconds, the

indicated temperature will be about 10 to 40% lower than the actual temperature.
be ratained for a certain period of time if the surface cools slowly*,
restored when the surface is wet.

The color change will

The original color will be
These colors can be used several times. Also, there are types with
multiple color change (for instance, initial color pink, changing to light blue at 65%, to yellow at

145°c. to black at l7k°c. and to olive drab at 340°C). A similar behavior is chsracteristic for
"Detectotemp paints" and "Thermochrome crayons"; however, the former zannot ba used in the open air,

i,e. on the outside of sn aircraft askin (Reference 96). The Thermochrome crayon must be applied to a
hot body, otherwise the color change will take place too early.

e

If the body is above the temperature
for which the paint was selected, the color change will take place immediately, Temperature indicators

in the form of self-adhesive ribbons are especially well-suited for monitoring purposes, i.e.,for long
term observations to determine whether a certain temperature has been exceeded.

S A TET AR T

Different types of 1
the so~called "tamp-plates" (Reference 95) are available that provide from one to eight calibrataed :
: color points which sssume a black color permanently when the indicated temperature is exceeded.
he

_ Finally, there are mechanical temperature indicators, for instance the so~called "templugs", ]
ﬁ Thege resamble grub screws (about 5 mm long, 2.5 mm dismeter) which are screwed into appropriate bores
in the object whose temperature is to be messured (for instance, a turbine housing). The hardnags of

these indicators will change as a function of temperature and exposure period. ;

The templug is subjected
to a hardness test in the laboratory after completion of the test in question which permits subsaquent

temperature determination with an accuracy of :§° (Reference 13). Another comparable technigue has

recently been reported which utilizes capsules filled with diamond powder that has been exposed to
radiation in & nuclesr reactor.

The change in the density of the powder is proportiocnal to the tempera-—

ture reachad, and is subsequently determined through X-ray photography with an accuracy alleged to be
43°C (Referance 102),

) 6.2 Selection of Thermometers
1

IPPPeLE

The aspects vhich are important in the selection of a thermometer include:
Type of medium to be meacured:
skin, equipment, stc.

aoain T L

ambient air, engine exhaust gas, fuel, aircraft

Temperature range to be covered.
Measuring purposs: permanent installation or test rig.

Type of aircraft: airspead range, spsce and weight considerations, etc.

Type of measurement: individual, multiple, mean value, differential, or temperature rate

measurement; point or area measurement.
Typa of data acquisition:
of these techniques,

inatrument reading, telemetry, airborne recording, or combinstions

% Exercise caution in the treatmant of objects that are exposed to an air or gss flow!
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Combination with other airborne systems such as air data computers, engine control
systems; interfaces required for this purpose.

Required measuring accuracy, indication resolution, recording accuracy, measuring
duration and sampling cycles in the case of intermittent measurements.

Required response: time or local resolution as a function of airspeed,

Available equipmunt and modules.

Availgble funding,

Price and availability of the required equipment.

Availsble capabilitieu for in-house fabrication.

Availsble calibration and testing facilities.

Type of data acquisition and data processing.

Requirements imposed on the measured data by other users.

Available time for preparations.

After considering these points the design type of the thermometer to be used is determined
first: vresistance thermometer, thermoelectric thermomater, temperature-sensitive paint, and so on.
Since electrical thermometers are used in the majority of cases, the advantages of the two types shall
be compared again at this point:

Advantsges of the resistance thermometer:

Greater senaitivity to small temperature changes, resulting in & much greater output voltage.

Less complicated and inexpensive equipment for indication, recording, or signal processing
for telemetry purposes.

Greater accuracy and stability (up to 30 times better over limited temperature ranges).
Failures (short circuit or breakage) are easier to discover.

Less sensitivity to noise voltages (resulting from engine vibration), parasitic thermo -
voltages, and the like,

The leads weigh less and sare chesper than compensating lines; longer leads are possible
for high-resistance probes,

The output voltage per degree of temperature change can be varied within broad limits
through appropriate design of bridge and supply voltage, and it 1s easy to set up computing
bridges. (However, doubling the bridge and supply voltage will result in four times the
gelf-heating error of the probe!).

A temperature reference point or compensating device i¢ not required.

Probes with close tolerances can be supplied so that recalibration 1s not necessary when
probes are exchanged.

On the other hand, thermometers using thermocouples have the following advantages:

The temperature range that can be covered is greater,

An external current source is not required if directly indicating instruments are used,
Thermocouples for many applications casn be made in-house at low cost.

Thermocouples have greater stability than resistance elements at Ligh temparatures.

Consequently, these two types supplement each other, the resistance thermometer having a clear
advantage in the temperature range from about -100° to +250°C in most instances, while only the thermo-
couple has the necessary characteristics in the range from about +700° to 1500°C*,

Having decided on a certain thermometer type it is necessary to select the probe and the
indicating or interface system for telemetry or recording facilities, in accordance with the
considerations outlined above. Where it is necassary to use some equipment that is already available,
consideration must bs given to the fact that the system can be no better than the component which
contributes most to the measurement error. The catse of errors named im Section 5.2 must be considered
vhen new equipment is pro:ured, This means, for instance, that in the case of a resistance thermometer

# Tungsten - Rhenium thermocouple up to +3100°C.
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the probe with the highest possible resistance must be mated to an instrument that will not cause
! excessive self-heating in the probe, Moreover, manufscturer's information must be critically examined 23
: to fully understand its applicability to the measurement requirements for which the component has been .
or will be procured. Caution is indicated in the case of companies that are very sparing with data and b4
documentation or cannot state the test conditions under which a certain characteristic (such as self-
£ : heating) was measured*, This type of advertising may be indicative of an effort on the part of the

; ‘ contractor to expand into new aress, such as sensors, indicating instruments, and the like,without

specialized knowhow and suitable test squipment, nor even an in-housedavelopment activity that performs
messurements in aircraft itself,

measurements are finally obtained.

et s A

"Cheap" products can turn out to be very "expansive' when the

In this connection we nmust also discuss the in-house fabrication of probes, bridge cirvcuits,

and the like, This used to be a common practice since, among other reascns, suitable gignal conditioners

and indicating instruments with recording outputs were not commercially availabls. The most frequent
shortcomings of this class of equipment are: unascceptably high self-heating of the probe as a result of
improper dimensioning of the bridge circuit, the temperature dependence of the dc amplifiers used,
inadequately gtabilized supply voltages, and the like (cf. Section 2,2 and 3.3). It is recommended
therefore that modern servoed instruments with independant measuring outputs (poteantiometer, encoder,
etc.) be employed in evary instance where exact temperature measuraments in air and other gases are

required, In-house development of comparable equipment requires years of specialized experience and

is time-consuming and, therefore, in most cases more expensive,
Prior to the acquisition of probes, signal conditioners, and the like, consideration should

be given to the cost effectiveness of procuring expensive compenents, with more stringent specifications,
in the interest of lowsring the cost of other operations.

As an example,one would expect that in a

i‘ better system, the number and complexity of the corrections required would be reduced, and this in turn
| should lower the cost of post flight operations.
easier to evaluate, (cf. Section 6.4)

In additlon, the raesults should be more accurate and

T R

6.3 Calibration of Thermometers

The characteristics of the thermometer and all the associated recording and/o:r indicating
devices must be known before any accurate temperature mesgurements can be made,
errors must be identified and defined for all flying states that are of interest.
for this purpose can be asubdivided into three stages:

This means that all
Measures required

TR

(a) Error determination on individual componente in the laboratory.

(b) Error determination of the entire thermometer after installation in the aircraft.

AR ¥ b 2
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(c) Error determination while airborne,

4 As & result of the interdependence of many errors and the influence of many parameters that
g

are difficult to evaluate, all experiments and measurements must be planned and executed so that the

errors are acquired individually wherever possible, The measured data must be available in a form ]

that can be evaluated directly, for instance, as a function of Mach number and altitude, sc that j
time~consuming conversion routines will be eliminated. p

Test facilities available to inatrument engineers during flight programs are normally rather

ﬁ limited. Therefore, the following discussion naglects those measuraements that would require special
: facilities such as wind tunnels, etc,

However, decads resistance boxes, temperature calibration baths

5 with precision thermometers, digital multimaters, and g temperature test chamber with s range from,
for instance, -80° to +80°% (but at least from -20° to +80°C) must be available, A thermocouple

r thermometer tester, a small electric furnace and a "Jetcal analyzer' with all accessories should be

available for testing thermocouples.

SUTRVPC S

6.3.1 Calibrations in the Laboratory

As a rule, only the following activity can take place in the typical laboratory or test shop:

* This applies also to informaticn such as "recovery factor = 1,0", "self-heating so small that it can
be disregarded"”, etc.
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(a) Mesasurements of Resistance Probes

The probe calibration error ECAL is determined for the temperature range of intarest in a
calibration bath agitated at constant rate, by comparing the acquired resistanca values to the appropriats
table of standard values (for platinum, nickel, stc.) and to the liquid tempersture determined with a
precision thermomster, Although the self-heating effect is much smaller in liquids than in air, the
probe should be opersted &t the smallast measuring current possible (for instance, 1 mA for Ni and Pt
probes, and about 0,1 mA for thermistors), in order to be certain that the sslt-heating errer will
remain below a level of 0.1%.

Additional moasurements can be performed in the laboratory on resistance probes used to measurs
temperatures in liguids. The prerequisite is that the same liquid be used that will be measured by the
probe installed in the aircraft apd that the liquid flow velocity be the same as prevailing at the
intended probe location., The heat conduction errer Ec can be determinad, for instance, by completely
immersing the temparature-gsasitive part of the probe in an agitated liquid bath at, for instance,
+10q9c. and packing the hesd of the probe in ice., The difference between the measured tempsrature and
the temperature of the liquid will yield the heat conduction errer for a temperature difference of
100°C betveen liquid and probe head. Repstition of this test at several lower temperaturss (such as
eo°c. 60°, 4o°c. 20° and 10°C) is advisable because the heat conduction error is a non-linear
function of the temperature differentiul, Detailed instructions for determining the heat conduction
error sre provided in Reference 25,

The temperature lag error EL can be determined by vapidly alternating the probe between two
agitated baths of different temperatures, measuring the time required to indicate 20%, 50%, 63,2% and
90X of the temperature difference (cf. Section 5.2,3),

The salf-heating error ESH can ba determined for a given type of liquid and liquid velocity
at a desired temparature provided the reaistance of the probe is first measured with no significant
sslf-heating (using, for example 1 mA for Ni and Pt probes, and 0.1 wA for thermistors), The current
1s then increased to ten times the initial value or more, A millismmeter is placed in series with
the probe, and an electronic millivoltmeter of very high input resistance is placed in parallsl.
Assuming the tamperature increass was 1.50°C and took place at a current of 10 mA and a voltage of 5,00 V,
1,6, at a power of 50 mW, the self-heating effact will be 1,50°C/50 mW, or 0.03°C/mW, Data obtained
for a given liquid and a given liquid velocity are almout impcasible to extrapolate to other liquids
(or gases) at the same or differsnt velocities, since they are also dependent on the probe design and
will yield different factors for each probe type,

A rough estimate applicable to certain well~typs probes is that the tims constant can be
about 30 times greater in air, about 2 times in oil, and about 1,5 times greater in liquid oxygsn
than in water; under otharwise equal conditions the sslf-heating effact in °c/uw can be about 100 times
greater in air, and about 2 times greater in oil and in liquid oxygen than in water, provided a
liquid velocity of 5 ft/sec is sssumed in every instance. The actual values of other probe types can
deviate quite considersbly from these relationships.

The calibration of probes for surface snd solid body temperatures can be acquiraed in liquid
baths, too; howaver, measursments of self-heating, temperature lag, or heat conduction are meaningless
if performed on individusl prohes before they are installed, and in most cases,difficult to obtain when
the probes ars installed on the solid body.

In the case of probes for air and gas temperature measurements little more than the calibration
error can be determined in the laboratory. All other errors must be determined in the aircraft (unless
suitable wind tunnels sre available), since they are dependant on flight conditions {cf, below),

(b) Measurements of Thermocouples

This discussion of the measurement of thermocouple characteristics will ba confined to the
detarmination of the probe calibration error ECAL' In using furnaces special care must be taken to
assume that the immersion depth is adequate and that attention is given to any effects caused by the
high temperatura gradient in the region where the leads are passed through the furnace wall (cf,
Section 3).

Calibrations using the "Jetcal analyser", which is discussed below, may prove to ba

considarably better. A detailed description of the calibration of thermocouples is found in
References 13 and 42,
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(c) Calibration of Instruments, Signal Conditioners, etc.

Ths following information on the measurement of instrument characteristics also applies to

signal conditi~ners, telemetry, and recording apparatus. It should be mentioned st this point that

thase devices, unlike the usual practice with probes, are not always supplied in sged condition.

Therefure, it is advisable to operate new squipment for an uninterrupted yeried of 24 hours, if

possible at an increased ambient temy  1ture, before proceeding with its calibration%*,
Laboratory tests that can be performed on this equipment include the following:

a
93
It
14
&

(x) The instrument scale error Egey &t rToom temperature (approx. +20°C) and with the specified
lead resictance, can be determined by substitution of a precision decade resistance box

for the probe**, A warm-up period of at lesst 30 minutes must be allowed before this
meAsur’ is made,

[
£
%
|‘:Y.
b
€

'
3
E
=

(b) Simulate a step change in ths temperature at the probe by switching between two resistances
that correspond to the probe resistances at the lower and upper limit of the measuring

A range, to determine the lag of the instrument (or the follow-up time in the cace of
servoed instrurants),
b

(c) Sir-ilarte ve v small temperature changes at the probe by introducing very small changes in

the conuected resistance to determine the resolution of the instrument. Repeat this

test while lightly striking the instrument to detarmine the effect of friction inside the
inst . umant.

(d) Turn the equipment off for a period of not less than 30 minutes (untii the instrument has
returned to room temparature), and measuce the time required to achieve a constant

. e T RIS

indication for three differeat inputs, perhaps 30%, 70X, and 100Z of full scale, to
3 determine the warm-up time. Lst the instrument cool down between each of the three 3
3 measurements. 3
3 4
g (&) Repeat the measurements described under item (d), above, at ~Z0°C and then at +60°C, sfter Z,
4 placing the inetrument in a temperature-~controlled chamber***, Leave the resistance box i
4 outside., These tests can be used to determine both the maximum warm-up time that must be
allowed before measurements can begin, and particularly the instrument temperature error. ;
; This error is not normally specified, rather, the errors are determined for a constant 1,‘
K input at the lowest, intermediate, and highest temperature for which the instrument ]
is designed. These are combined and presented a8 & mean scale error so that this error
appears ag a systematic error with a certain dispersion range (cf. Sectiom 6.4.1). 3
3 (f) If all components, i.e,, the actual wiring, plugs, circuit breakers, etc. are available
: prior to installation in the sircraft, t is also possibl: to determine the elactric lead ]
E error Ew. This srror is variable, depending on the indicated temperature, especially i
] in the case of simple instruments. More detaile are provided in the following chapter. E
6.3.2 Flight Line Calibrations 3
Unlike the individual measurements in the laboratory that were discussed in the preceding
; wection, the thermometer system as a whole can be tested "in situ'" on the flight line.
u
(a) Reeigtance '..ermomseters j
3 The final calibration of the total thermometer system can be performed by replacing the probe §
’f with a decade resistance tox. In this procedure, the following commants may prove helpful. Care should
sa taken to use connections which are as short as poesible and which are made using AN16 gauge wire,
f ur larger**#*, This precaution will help avoid introducing additional alectrical lead errors. In .
i
E * 1+ vas fcund in the case of certain types of servoed equipment that this break-in period reduced the ;
: vars-up time from 40 minutes to 8 minutes. )
t #* Ity loading capacity should be grester tham 1 wect, if possible, to avoid self heating of the resistances
#%% Thepe values depend on the ambient temperaturss the instrument is expected to experience in the aircraft. i

#a#* If the probes have very low resistance, the resistance of these lines must be deducted from the value
of the decade resietance.
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selecting resistance box values, if the actual probe calibration is used in lieu of a standard calibra-
tion curve, then probe replacement will require a re~calibration.* This procedure will, however, reduce
the corrections necessary when the raw data are processed. As an example, some indicators are equipped
with exterually-acceasible trim pots which are used for line compensation and/or scale adjustments.
When these are properly adjusted, the values of indicated temparature are as close to the corresponding
values of actual temperature as the probe and indicator calibration anomalies will allow., This combined
correction may not be suitable over the full range of the scale, because, for example, of differeant
nn-linearities ir the calibrations of the probe and indicator. In this avent, a decision must be made
regarding the maximum sllowable deviations between indicated and actual values over the portion(s) of
the scale which are of prime interest. This procedure is illustrative of the ateps that can be taken
in setting up a system to facilitate the evaluation of the data acquired during test runs. Ideally, in
this instance, for example, the only additional errors that would have to be accounted for would be those
dependent on the flow velocity.

In the case of thermometers used for ambient temperature or compressor inlet
temperature measurements (OAT or CIT measurements), additional testing on the flight
line is hardly possibla, except for functional tests in which case the probe deicing heater must be
turned off, On the ground, the indicatien will almost always deviate by some amount from the static
air temperature, partly because the time constants in this state are very long, perhapa 15 minutes and
more, If the probe heating system (deicer) were turned on, the temperature indication would rise to
more than 100°C, and in probes with cpen-wire elements it is likely that the element would be damaged.

A functional test, in addition to the calibration described above, can be performed on
thermometers for measurements in liquids, on surfaces**, and in solid bodies.** In some cases, the
engines must be running for this functional teat in order to simulate flight conditions. Also,
comparison measurements might be taken in this state in order to determine the effects of self-heating
or heat conduction errors. Many inexpensive thermometers designed for measurements in liquids allow for
the self-heating error of the probe in the calibration of the instrument. In that case, the scale
calibration will apply only for the liquid in question and for a certain veloeity of the liquid flow.
When the engines are turned off, the indication will fluctuate and become unreliable, especially when
natural convection setr in, because the probe is subject to apprecisble self-heating., A number of good
thermometer testers are ailable, but the operating instructions which are provided do not always
adequately digcuss all potential sources of error (especially salf-heating),

(b) Thermometers with Thermocouples

The most important application for thermometers of this type is in the measurement of the engine
exhaust gas temperature (EGT). In this case, it should be possible to simulate most of the operating
conditions existing in flight by rumnning the engines on the ground. However, the determination of the
actual measuring accuracy of thermometer arrays in an engiue is very difficult under these conditionms,

A good aid in this case is the so-called "Jetcal analyzer" or comparable apparatus. This set,
pernits, among other procedures, a functional test of the entire EGT system with non-running engines ,
testing each *hermoelement and the whole array for continuity, short circuits, etc, Generally, the entire
EGT system can be terted with an accuracy of about iﬁ°c. The different capabilities of the set can be
waen from the operating manual supplied with it.

6.3.3 In~Flight Error Calibration
6.3.3.1 General

In the majority of temp..ature measurements, e.g., in liquide and solids, in-flight error
evaluation is confined to a check against the results obtained in the laboratory and on the flight line,
and/or to the determination of that probe location which will result in the minimum position error.
Optimum probe locations can only be determined in-flight since these conditions cannot be adequately
simulated on the ground. The procedure generally used involves the installation of thermometers st
different locations to measure the same parameters., The outputs are read out eithar individually or

* This does not hold for orobes with close tolerances,
*k Provided the air flow about the aircraft that exists in flight does not play any decisive role.
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commutated onto & single channel and read sequentially, The probe thgt shows the least position arror
is used in succeeding flights.

The deteruination of the position error of probes for OAT and CIT messurements using in-flight
techniques is, at times, justifiuble because the resulting flow, pressure, and temperature relatiouships
at the probe or at the measuring element can be created only in flight. Since position arrors are
dependent cn altitude and airspead or Mach number, the errors in the aircraft's pitot-static system ’
must first bs determined in special instrumentation flights. Techniques for obtaining these calibra- }
tions are described in the conventional flight test manuals. Howaver, if a reference thermometer that
could be used as & “standard” (cf., below) is not available, then only those procedures wherein the

static sir temperature is determined by a thermometer on the grouund or by a radio sonde at flight
altitude can be used.

aperer

To perform thermometar calibration runs at different airspeeds and the sazme pressure
£ altitude, or correlate calibration measurements obtained in different flights and in different flight

' ragises, it is very important that accurate neasurements of the static pressure position arror as a 4
e function of airspeed are svailabla. In the presence of unfavorable meteorological stratificatioen in £
; the troposphare, aven small deviations from equal pressure altitude can result in large changes of

A static sir tempesraturs. The differences between the true Mach number and the indicated Mach number 3
} (vhich is subject to pressure srrors) as a rule have a minor effect on the accuracy of error determina- :
‘ tion, However, they cannot be disregarded, especially in the near-sonic airspeed range, since the

i pressure error in this flight range can assume respectable magnitudes., Figure 99 shows the effect of

a relative error of 4M/M = 12 on the determination of static temperature as an sbeolute magnitude and
as & relative temperature error.

All calibration flights to determine the pressure and temperaturs error of sensors on the ;
: aircraft should be carried out with due sttention to suitable meteorological conditions. This will pay
. off in terms of less dispersion of measuring errors. Instrumentation programs of this type can be
accomplished quicker at test sites having favorable climatic cdonditions.

The evaluation of weather situations is based primarily on the vertical temperature
3 stratification and, secondarily, on the vertical structure of the winds. The data rejuired for this
: svalustion are supplied by the radio gonde stations of the national weather service located in or about
. the test area; these are acquired at the standardized world-wide times at 00.00 GMT and 12,00 GMT, ‘
: Where this information turns out to be inddequate, special radio sonde or aircraft missions nmust be !
z accomplished to determine the temperature as a function of pressure altitude.

LT L
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In any event it 1s better to determine the meteorological stratification beforehand, and ;
then carry out the instrumentation flights in the suitsble strata, rather than perform the
instrumentation flights at preplanned altitudes without meteorological informstion. The risk
inherent in the latter approach is having to discard the data becsuss of axcessive meteorological
errors which, of course, can render the data usaless for error determinstion,

The following types of vertical stratification are suitsble for the determination of
pressure and temperature measuring errors under in-flight conditions:

(a) Temperature structure: Attempts should be made to locate areas where the isothermic
vertical stratification, i,e., the vertical tamparaturs gradient, is 0°C/100n. or as close as possidble
to this value. Measurements should never be performed at gradients in exceas of -1%¢/100 m (dry adiabatic
temperature gradient) or +1%/100m (iaversion). In the presence of stratification of this magnitude,
an altitude change of +10m (430 ft) will cause a temperature change of 0.2°C, wvhich 1is in the order of
measurable errors. It requires special skill on the part of the pilot to maintain altitude with an

: sccuracy of this order, especially where steady flight conditions must be established at relatively
3 high airspeeds.

Thermoconvective weather situations are unsuitable, These are situations with vercical
interchenge caused either by radiation via s heat increase of the ground (boundary or exchange layers)

or by a mixture of air masses of different energy levels. Periods of minimum exchange are favorable

for measurements, especially at low altitude. These are the periods where the direction of radiation is

changing, as well as all weather situations with dense cloud stratification and no convection phencmena.
Moreover, there must not be any precipitation, unlass it is intended specifically to test

the effect of the liquid water phase on the airspeed error.
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Where & radio sonde ie used as s reference for evalusting the stratification, it must be kept
in mind that the sonde in most cases will rise at a vertical velocity of about 6 m/s (17 ft/sec) and
that the probes in this sonde have a time constant of a few seconds. Therefore, the temperature
boundaries will be "blurred" considerably, which complicstes the evaluation. This applies especially
where radio sonde data are used as reference values to csalibrate the aircraft ingtruments. Under these
conditions it is advisable to consult a meteorologist for an evaluation of the true stratification.

The radio sonde itself must be compared to a precision thermometer prior to takeoff, This
thermometer should be exposad to a constant air flow of, for instance, 6 m/sec, which corresponds to
§ the climbing rate of the radio sonde, by means of a built-in blower. Also, the time interval between
the radio sonde measurement and the in-flight measurements should not be excassive (if possible less than
30 minutes), and the launch site of the radio sonde should be located within the test area, if possible,
to minimize the effects of temporal and epatial variations.

TR

R TR T

(b) wWind field structure: The tests should be conducted in strata of constant wind speed and
wind Jdirection, if possible., A vertical wind profile can be plotted from rawin sonde measurements,
and this will ghow immediately which strata have acceptable ghear values. Pronounced vertical or
horizontal shear lines with sssociated curvature of the wind profile will result in wave, crest, and
rotor formation. In the presence of these boundary araa phenomena, the isothermic layers also have wave
or crest structures, depending on temperature stratification and shear characteristics of the wind,
with wave lengths ranging from about 0,5 km to 40 km, These structures will sometimes occur even in a

cloudless sky and as high as the tropopause, however, they can be detected from the characteristic wave
structure of the temperature record.

Figure 103 shows a schematic diagram of the strata that are suitable for temperuture
; calibration flights in the lower atmosphere,referred to the vertical temperature stratification (A),
wind velocity (B), and horizontal wind direction (C)., It is relatively rare to find good conditions
with respect to all thres effective components in one and the same altitude layer, and this can be
expected only near the center of high pressure aress,

The different effacts must be congidered to determine if existing weather conditions
are acceptable,

6,3.3.2 Explanatory Examples

In order to show the difficulties encountered, we shall first describe the "simple" case of
determining the position srror of a TAT probe without deicing heater, combined with an indicator
3 or signal conditioner that causes probe self-heating power to be 40 mW. The separation of the
individual components of the position error will not be considered in this example, It shall be agsumed
that the maximum altitude is 40,000 ft. and a proven type of TAT probe is installed at a highly
favorable lo. stion (nose-~boom). Then the only effective components of the position error should be
the velocity «:cor and the self-heating error, which partially cancel each other., In order to reduce
the number of measuring points und the duration of the calibration flight, data will be taken only
at 3 different altitudes with increments in airspeed of about Mach 0.1, A radio sonde must be launched
concurrently with the flight program, Its temperature readings will provide the static air temperature
at the altitude where the tests are accomplished*. The position error is obtained, for instance at

T T

4 Mach 0.5 and an altitude of 20,000 ft.,as shown helow: %
Static temperature T (from the radin sonde) 249.00° K 1
. Total temperature T, ® T(L + 0.2 Mz) {
ﬁ =249 (1 +0.2 + 0.5%) - 261.45° K
; Temperature measured in the aircraft TTic ‘

(corrected for inetrument error) 261.68° K

Position error EP - TTic - TT .
= 261,68 - 261.45 = 4+ 0,23" K

* Example: According to the standard atmosphere, a pressure altitude of 20,000 ft. corresponds to an
atmospheric pressure of 465 mb, Consequently, that temperature value must be used which was

measured simultaneously with a pressure of 465 mb.
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The theoretically expected result of such s series of measurements is plotted in graph form in

Figure 100. The practical reasult of a single series of instrument resadings would not, as shown in this

figure, yield the approximately parallel curves but curves that appear to be crossing each other at ran-
dom. Thers are several reasons for this, Even in the absence of measurement errorsg local temporal
varistions of static temperature may amount to about :p.5°c. especially in the lowest altitude strata

(Reference 104), This means that this affect alone, can be several cimes greater chan the difference

between the measured values at a certsin Mach number. Therefore, any attempt to sccomplish such
calibration flights under unsuitable meteorological conditions would be meaningless. Although modern

1 radic sondes have relisble tolerances as narrow as 3p.s°c to :p.7°c, some of them are subject to

: considerable temperature lag errors. If the data from several calibration flights were combinad*,

. a considerably better picture could be obtained. However, it should be kept in mind that such calibra-

) tion flights will take about two hours., Even if the radio sonde were launched in the middle of each
flight, appreciable temperature errors can occur due to chsnges in the air temperature during the
flight. With s very limited number of measuring points in the area of greatest interest for the
relevant aircraft under normal flight operations (shaded srea in Figure 100), exact test results are
difficult to obtain, as atmospheric temperature variations exceed the error to be measured.

Figure 101 shows the acquisition of the deicing heat error as an individual component of the
position error through six calibration flights performed at low altitude, These must be respeated at
different altitude levels, of courss, because of the altitude dependence of this error, Simply
connecting the megsured values obtained in a single flight (corrected for probe calibration error)
would yield a fairly irregular line. The same would still apply for a mean of two flights so that the
practical application of these curves requires considerable smoothing,

4 This example was sslected in order to damonstrate how one individual error can be isolated

; from the others. The test can be performed by using two TAT probes (A and B) of the same type and

;§ connecting them alternately via a commutator to the same servoed indicator, Probe A is continuously

operated with probe deicer on during the first half of the flights, while probe B remains unheatad,

During the second half of the calibration flights, probe B is continuously hested, while probe A

remains unheated. If both probes are subjected to the same flow (for instance on the underside of

the nose at a lsteral distance of 25 cm from each other), and if the leads between the probes and the

commutator have besn adjusted to exactly the same resistance values, all errors will have the saxe
effect on the measurements taken with probes A and B, These errors then cancel out when the difference
betwveen the muasured valuee of A and B is taken. This differance then is the deicing error, It

should be noted that this does not allow for the indiviudal calibration errors of probes A and B,

" These corrections must be applied before plotting the measured data,

If only one probe ware available, it would be necessary at each increment of altitude and

airspeed, after stabilizing the corrected airspeed and altitude indications, to make 60-second measure- .

ments with and without the delcer, Sufficient time should be allowed for the probe housing to cool off
completely before artempting runs at the next airspsed, Where this method is used, changes in the air

1 tamperature during the calibration run appear directly in the meagured data. These meagurements then

Z become meaningless if the atmospheric temperature changas exceed the deicing heat error. In these

cases the use of a radio sonda would not yield any advantages.

e e e
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The determination of the velocity error shall be discussed as another example. In earlier
times this was dons by measuring che recovery factor r and plotting the corrected temperatures
y weasured at different airspeeds as a function of the square of the Mach number (Figure 102a), Since
' the recovery factor is a relative value, a single flight at different airspeeds and constant altitude,
where a uniform temperature over the calibration run can be expected, will be sufficient. In many
instances this was accomplished by increasing the airspeed at constant acceleration (such as 1 g)
until the aircraft's maximum sirspeed was attained, and then decreasing the airspeed at idling engine

L v e i S

* Cf, Section 6.4,
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speed until the initial value was reached, Since the lag error EL in the accelerated and decelerated

partes of the flight has opposite signs, the mean of the two series of measurements was used to determine
the recovery factor.

N

The static temperature was datermined by extrapolating tha messured dats to zero

§ airspeed, Then through this point a line was plotted corresponding to the total temperature 'rT

§ in question ; this line represents a recovery factor of 1.0*%, The ratio of the temperature increase

% for r = 1,0 to the actual temperature incresses at the same Mach number will yisld the recovery factor
g of the probe. Subsequently the velocityerror can be computed in every individual instance with the

i aid of equation (64) (cf, Section 5,2),

% Obviously, in the majority of cases this method provides & means of finding the valocity error
t

which is at beat, only moderately accurate,
following conditions:

Mors accurate data would depend upon satisfying all of the

A T R

1, The recovery factor must be constant over the airspeed range under consideration;
) 2, The self-heating error must be so small that it can be disregarded,** or it must have besen
g- acquired as a function of altitude and airspaed in the previously described calibration
P flights, and corrections for such factors as the instrument error must be applied before
é. plotting the measured data;
?‘ 3, Where data from accelaration flights are usad, the acceleration and deceleration must be
% equal at the individual Mach number incraments, which is hardly possible;
i 4, The dependence of the static pressure position error on the airspeed must be taken into
% congideration with respect to maintaining constant pressure sltituds;
i 5,

y
)

The altitude should not exceed 40,000 feet because of the possible radiation error
(especially at supersonic flights).

Apart from the fact that the first condition will never be obtained for TAT probes above a
certain Mach number (such as 0.7), it ig not satisfied by many probe types in the lower subsonic range,
either, Additionally, if only the values at two airspeeds, or for a narrow range of airspeeds were
used, the self-heating and the deicing errors would not be properly accounted for.

Figure 102a shows the measured dats of a TAT probe that has a constant recovery factor of

r = 0,97 below Mach 0.7, and the measurad data of a cylindrical probe with recovery factors between
0.52 and 0.74, locatad in flow perpendicular to its axis,

T R

If, in the case of the latter probe, only y
the measured data between Mach 0.7 and 0,85 were used, the resulting static temperature would be §

4 246.5°K instead of 253.0°c. and, at Mach 0,8, the resulting recovery factor would be 0,90 instead of
; 0.72, Figure 102b shows a phenomenon found in many calibration

records where the measured data rises
above the line of r = 1,0 at small Mach numbaers,

This inferse that the recovery factor cen become
greater than l,howaver, in this instance, the data have not been corrected for self-heating errors.

Further, in the range from Much 0.1 to 0.7 the probe used to acquire the measured data does have a
constant recovery factor of 0,97,

Pt L s

Consequently, if the plotted measured dats are not corrected
for self-heating error, and if the line placed through the measured data is extended, the static

: temperature between Mach 0.2 and 0,5 will show a false value of 249°K instead of the correct value of
4

248,0%K 1in this case. If the line for r = 1,0 is placed through this false value also, the uncorrected

measured data will yield an apparent value of r = 0,91 for the recovery factor which 1s slso false.
Consequently, this method to determine the velocity arror can be recommended caly if all the
prerequisites outlined above are truly applicable.
In another method of experimentally determining the velocity error, temperature measurements
are made at least five times at each of three airspeeds. These must be accomplished at the same pressure

altitude, These data are compared with the total temperature calculated using radio sonde measurements.
The procedure, then, is as follows:

© ket o AR

From Pressure Altitude and Calibrated Airspeed: Mach Number M
From Mach Number and Static Temperature (Radio Sonde):

Total Temperature T, (°k)
Tr [°K] ~ Maan Value of Measured*** Temperatures [°x] -

Valocity Error By o & 9]

* Cf, Figure 110, for r = 1.0. ]
*% Through using a modern servoed instrument.
k%% Corrected for self-heating snd deicing effects,
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The prerequisites for the application of this technique are the same as described sbove with
the supplementary condition, that the flights be performed under ideal waather conditions.

Considerably better accuracy ¢an be schisved through wind tunnel measurements. In most cases
v it is vorthwhile to acquire a probe which has been calibrated in the wind tunnel for use as &

refarence probe for in-flight calibrations, since the implementation and evaluation of calibration
g flights will cost time and money,
:

If the recovery error and the velocity etrror* are accurately known
(equations (56),(57), and (66) to (69)) acquisition of the other errors will no longer pose any major

B problem (cf. below), since the accurate vaius of static air temperature is not necessary for their
¥ acquisition,

oo

@ ) 6.3.3.3 Practical Implementation

The following conclusione, ameng others, can be dravn from the exsamples discussed sbove for the
acquisition of ths position arror of CAT and CIT probes:

. (a) Where good TAT probes are used, the magnitude of the position error will have approxiuately !
i .. the same order of magnitude as the measuring uncertainties associated with the inaccuracy
v in determining the Mach number (for the computation of T from TT). by inhomogeneities

in the temperature stratification of the atmosphere, by difficulties in maintsining constant

altitude at different airspeseds, by inaccuracies of the radio sonde used ss a reference,
o and by other causes*,
T

W
Thersfore, sccurate determination of the position error is '
extremaly difficult to obtain experimentally,

(b) Some of the instructions for flight calibration of ambient air thermometers that can still

k 1
% be found in flight test manuals, which appear to be fairly simple, are based on the

¢ state of the art as it existed 25 years ago, and in addition,

L

contain unacceptable simplifications (neglecting the self-heating error, deicing heat
errer, etc, Yo

(¢c) Simultansous data acquisition from a thermometer used as a standard and the measuring b
syetem to be umed in the aircraft will permit the elimination, %o a large degree, of most i

e of the measuring uncertainties mentionsd in paragraph (a) of this section (inhomogeneities
t : in the atmosphere, dispersion of radio sondes, and the like),

PRI
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] ; (d) The most accurats information possible on the magnitudes of the individual components of
b the position error of the TAT probe used as a raferance is requirad for flight testing
9 : purposes, and in this respect the acquisition of the velocity error involves the greatest

difficulties under practical circumstances, since the exact value of static temperature
is needed for every measurament here.

e dvmet w2 st

For this purpose it is usually worthwhile to

a procure a& probe calibrated in the manufacturers’'#** wind tunnel., Sources for this type

of instrument can be only those companies that perform this type of calibration es a

wmatter of routine, publish their date, and car guarantee the performance of their
producta.

(e) Where it is necessary to depend on company information, it must be kept in mind that the
] stated datz wers acquirad only in the wind tunnals available at that time, and on normal

* In the cgse of TAT probes (n<0.005) the approximate formula Ev - e 'rr applies and is presented

in graphical form in Figure 111, In this graph, the velocity error csn bs determined directly
from the recovery temperature Tr and the value of n, which is a function of Mach number.

*% Whers cimple probes are used in the aircraft's boundary layer, the position error at high sirspesds
ir relatively large and, thearefors, apparantly easy to acquive from the point of instrumentacivn;
however, this alsc mesns that ite fluctuation range is very large, depending on the flow about tha
sircraft, which is in turn dependent on the angle of attack, gross weight, configurationm, sltitude,
sirspead, and other parameters, Therefore, using thesa probes is not mesningful at high sirspesds,

aince suitable correction procedures ace too complicated for practical use, in addition to being
excessively inaccurate (cf. Figure 106).

*%* Subsequent calibration of a probe in a wind tunnel requires conside:sble experience and in turn

demands the availability of a refersnce probe to dstermine the true temperature relationships
in the tagt section,

iA.. J,;__,,,L,..J
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aircraft. Information on in-flight data outside the normal flight corridor, for instance
at Mach 0,1 and 80,000 ft., could at best be acquired through computation and must,
therefore,be considered with great caution. On the other hand, information for the
normal flight corridor is usually conservative, since compliance with these dgta muast be
proved to certsin consumers in very stringent test procedures.

(f) For flight testing purposes ths position error of the temperature probe is of interest with
respect to all thoge combinations of altitude and sirspeed within the capability of
the test aircraft. However, in practical flight operations many aircraft in mwost cases
remain within & narrow range about a nominal flight profile (cf. the shaded area in
Figure 100) which makes it posaible to use greatly simplified corrections for the
indicated data.

AR RE L MELET

A suitable reference thermomater, which has been mentioned several times is a TAT probe,
Type MS 27 188 - 1 (Model 102 CD 2U), calibrated for the recovery srror*, with a hermetically sealed
Pt element of 500 ohms having close tolerances, and a servo instrument with recording outputs (such as
BH 180 or BH 187 “Auto~Temp" by Howell Instr. Co., or the Temperature Servo Indicator 25001 by Betzelt
GubH Muenchen,Germany)., They have an indicator accuracy of 19.2°c and & self-heating effect so small
(less than 0.04 mW) that it can be disregarded**, Consequently, the instrument error (including probe
calibration error) is about 39.23°c, provided that the system was carefully corrected for lead
resistances after installation into the aircraft (cf. Section 6.3,2), When this type of probe can be
installed at a favorable location (such &s a nose boom), and when the probe deicer is turmed off,
only the velocity error is significant so that the indication coriesponds directly to the recovery
temperature, Tr‘ The associated absolute value of the velocity error Ev is easily determined from
the values of the recovery error, and the recovery temperature, which sre dependent on the Mach number
(Ev TN Tr [°K]. cf. Figure 111). Consequently, the temperature values read, or recorded, using this
thermometer, require only a correction for the velocity error in order to acquire the asscciated total
temperature as a reference value for othar thermometers that must be calibrated.
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Subsequently, during calibration flightg, direct comparison of the reference thermometer with
the thermometer to be calibrated will yield the overall position error of the latter as well as its
individual components. The tabulation below illustrates a distinction between twy cases of iunterest,
In case (&) the stipulation is that the probe to be calibrated has the same nominal vesistance (for
instance, 500 ohms) and the same characteristic*** as the reference probe, In that ¢::. 08 shewn in
Figure 104a, a commutator should be used, In case (b) it is assumed that different prote rcesistances
or characteristics exist so that it ig not possible to commutate. In both cases, it is stipulated that
the measursments are performed at constant airspeed and altitude**** go that the lag error can be
neglected, Practically, its magnitude could be determined with adequate accuracy only in an ?
appropriately equipped wind tunnel, ;

Overall position errorii*ik (l1a) ss 1in (1b), no commutation.

(1b) Comparison of the indication of the reference
thermometer, corvected for the velocity srror
(= total temperature), with the indication oi
the thermcmeter to be calibrated, corrected
for inctrumect errot.

1 * Less favorable than wind tunnel calibration is in-flight calibrarion performed with the ald ?
ﬁ of a radio sonde, as degcribed above.

*% The Betzelt indicator aleo has provisions for switching to a Mach-fuuction potantiometer for
direct indication of Static Air Temperature (SAT) (cf, Figure 33).

*kk Cgution! Normal platinum probes and platinum probes with narrowed tolerances (PCI elements)
have different characteristics; the same &prlies, for instance, to 109 ohm Pt probes and
100 ohm Ni probes.

#xk% Thesa altitudes are selected after evaluation of the radio sondr misgion that is nesrest with 2
respect to time and location,

*x4*4k Dgicer turned off on both prcbes.
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probs, corrected for velocity error (= total

{ temperature), with the uncorrected indication

y of the probe to be calibrated (= recovery

temperature),

(2b) Comparison of the indication of the raference

thermomater, corrected for velocity error, to

: the indication of the thermometer to be
calibrated, corrected for instrument error,

If the latter causes appreciable self-heating,
the sum ¢f velocity and self-heating error will
be obtained.

Self-heating erroxr*  #% (3a) Through a combination of methods (2a) and (2b):
the self-hesating error will be the difference
hetween the two mesasurements on the probe to \
be calibrated, ;

(3b) The self-haating arror of the probe can be :
determined by iteelf with the aid of a special
"test themometer'***, The values for the
thermometer to be calibrated at all altitudes and
airspseds are obtainad from the determined
self-heating (SH) in %C/mW and the probe loading
P (in mW) of the thermometer to be calibrated,
which are multiplied (SH * P).

, Deicing heat error (4a,b) Alternating operation of the probe to be

3 calibrated without and with deicer. The

differance Letween the two indications directly

yields the desired error for tha altitude and
airspeed in question,

¥ Probe locaiion errcr* (5a) Reference probe and calibrated probe connected

alternately to the refarence indicator. The

difference between the indication with reference ;
probe, corrected for valocity error, and the
uncorructed indication with the probe to be
calibrsted, ylelds the sum of velocity error and
probe location error (possibly preceded by method

4 2a; caution, diffcrent probe locations!).

t (5b) (perhaps pousible through a combination of the

i uethods previously named).

5 79
[ Recovery error * *i (2a) Reference probe and calibrated probe connected
ﬁ (from the velocity errors at one alternately to the reference indicator. Com-

E and the same sltitude) parison of the indication of the referancs

TR
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: % Deicer gwitched off on both probes,

#* The probe to be calibrated must be inetalled at an ideal location, too, in order to avoid prole
g location errors.

e e Bt e P e S R T

2 %% A test tharmomater for self-hesting consists of a bridge circuit where r double-pole commutator can
be used to connect aither a large series resistance to the bridge and a higl-rasistance shunt .
parallel to the instrumeat, or a smail series raesietance and a low~resistancc shunt. Thess ‘
resistances sre so salected that tho same scale calibration results in both switch positions (testing )
with maximum load test resistances!), but that the current flowing through the probe will change at

& vatio of, for instance, 1 to 40 and hence a self-heating effect of 1 to 1600 (Retfarence 31A)

will develop. Diffcrent indications will be cbtained when a probe is connected, depending un the

commutating switch position (without or with self-heating). For instance, an increase of the

indicstion by 2.09C for a given situation under a probe lerad of 200 mW, will result in a eelf-

heating effect of C.01°C/mW in this cass.
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If the procedures described abova are used to datermine the velocity error at high altitudes
or at high supersonic sirspseds, the messured data will algo include the components of the conduction and
radiation errors, In that case the latter cannot be separated from the velocity error. The results of

these measursnents, that is the position ervor or its individusl components, are plotted in Figure 107
é . for two differeant altitudes as & function of the Mach number.

New developments of flight logs (Dornier AG, Germany) have recently become available for flight
testing purposes that produce the true airapesd (TAS) directly,with high accuracy. Error acquisition

on ambient air thermometers using the TAS as the airspecd parameter instead of the Mach number might
afford some advantages.

R AL T

This subject was omitted here for reasons of space, among othars, and only two
disgrams were included. Figure 112 shows the interrelationship between pressure altitude, indicated
airapeed, Mach number, and true airspeed st standard atmospheric conditions. Figurse 113 shows the
absoluta and relative error of true airspeed as a function of prescribed errors of the Mach number,
static pressure, and static air temperature, This diagram shows, among other features, that a 1% error

3 in Mach number or an 0.5% error in static temperature (in %K) will result in a 1% error when computing
: the true airspeed.

e B, W A
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6.4 Data Evaluation

L _ 6.4,1 Error Handling

The acquired data are best processed in the systematic order explained in Section 5.3, using a
specific sequence of steps and the standardized designations for measured data subject to certain
types of errors or corrected for certain types of errors., This systematic order is repeated in Figure
105 for the case of an ambient temperature messurement, The laft-hand column indicates the build-up of
the temperature indication as a result of the combined action of the existing physical situation (static
temparature and kinetic self-heating) and the measuring errors (instrument error, temperature lag error,
and pogition error). The center column indicates the correction routines taking place in an air data
computer, and, in the right-hand column, the correction routines parformed manually with the aid of
tables, diagrams, and the like, The same pattern applies to the correction of recorded dats. This

figure also indicates the interrelationship betwaen true values, errors, and data acquired through
measurements that are subject to error:

T e AR TR

} Erroneous value = trus value + errors g
true valus = erroneous value - srrors
= grronecus value + corrections.

3 Consaquently, the correction value is equivalent to the absolute magnitude of the corresponding error
value, but has the opposite sign.

Other frequently used error magnitudes include the following terms and definitions:

(a) Accuracy is defined as the dagree of agresment betwean the measured value and the true
i value, However, in most cases it io stated as "inaccuracy", that is, the differance
3 between measured value and true value (or absolute value), or as the percentage ratic of

inaccuracy to true value or to the maximum value of the measuring range (that is, a
relative value).

(b) Resolution (or precision) is defined as the magnitude of the minimum change to which a
measuring device clearly reacts or the minimum change of the scale indication (for
instance, betwean two scala marks) that can bs read without interpolation.

(c) Repesatability dasignates the ability of a measuring device to produce the ssme output 3
signal if the same input signal is applied repsatedly. :

Whers a systematic order is used, the following must ba kept in mind at all times:
In certain casas, some of the errors named above are so small that they can be disregsrded and,
consequently, their corresponding correction values will be practically zero. Therefors, in these
cases the acquired numerical value, for two or thres different correction stages will be equal. Special
care is indicated whare & correction step (such as correction for indicator time lag) was not parformed
for any reason, although the associated error has an appreciable magnituds,

In that case, the designations
for the subsequent intermediste values of the calculation must be clearly distinguished from the normal
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: case (for instance, stating "total tempaerature, not corrected for indicator time lag error"). Only the

most important error catagories (pnsition error, temperature lag error, and iustrument error) are nsmed
h in the systematic order shown ir this paper.

In certain boundary cases, the group of meteorological
errors can be added, which is b¢-> processsd in conjunction with the position errors. Since each error

f group consists of individual errors, their ovarall value must be determined from the individual error

; values in a secondary calculation not included here, bafore thess are entersd into the systen (cf. below).

This is the reason why the term "recovery temperature" does not appear in Figure 103, since it is merely
an intermediate value for the calculation of the position error.

T TR M TR

’ Since any computation routins is a time-consuming nuisance during the measursment period, in

3 sddition to introducing new sources of error, attempts must be made beforshand to reduce the number of

‘ error types and their magnitudas as much as possible, All svoidable errors, such as read-out errors,

4 : errors due to recording paper shrinkage, errors duc to using instruments with excessive self-heating

b chsracteristics, probe location errors, and the like*, must be avoided using appropriaste instirumentation
3 .

it techniques. Also, svary care must bs taken to ensure that the absolute maygnitudes of the remaining
i

; unavoidable errors are kept as small as possibla, The reader is referred to the appropriste discussion
i . in the precading chapters and to Table 8 in Section 6.1.1,

\ The errors encountersd in accomplishing the different calibrations (sccording to Section 6.3)
can be generally subdivided as follows:

Random errors. These are errors with a statistical distribution of values and indefinite
sign (positive or negative),

Example: E = + 0,23%,

E I T oy

Systemstic errors have a certain magnitude and definite sign for a given set of circumstancas,
Example: 2 = + 0,46% (at scale point + 25.0°C).
Howsver, bacause of the limited measuring accuracy, they are frequently encountersd as systematic errors

with uncertainty, that have a definite sign but a magnitude which is varisble within certain limits.
Example: E = + 0,52°¢ + 0.26°C,

So o B TR TR T T

Systematic errors can be corrscted, sincs they are dstermined with respact to sign and magnitudas.

Several individual systematic errors cen bs combined through addition into a single magnitude for an
error group, Random errors, like

the uncertainties of systematic arrors, have riternating signs
: and therefore partially cancel sach othar, so that they must be combined on a statiatical basis. A good

approximation for this purpose is provided by the square root of the aquared absolute magnitudes of :
random errors (RSS summation): ;

LEedYEC HEC+ES 4, . (89)

vhere E‘, E,, etc are random errors, generally expressed in standard deviations (ef. page 82).
Systamatic errors with uncertainty can develop, for inetance, as follows: The error E is

normally defined as the devistion of the measured value xm from the true value xc. Even with careful

execution of a series of measurements specifically designed to datermine, for instance, the scels

; error Eg., the readings taken at certain point on the scals (such as +25°C) during twenty repetitions

of tha mesasurement will yield 20 different messursd values (xl. TR x20>. vhich will show & certain f
amount of dispersion in their valuss#*#,

3 Conuaquently, we obrain for n messurements of a point n measured values: xl. xz. s xn.

The trus value is xc.
The measured error values are!

* 4,g. temperature-sensitive DC-amplifiers or oscillators in telemetry equipment.

k% This is due, among other causes, to tha fact that both the instrument and the test aquipment comnected
to it have a finite saccuracy. In addition, there sre environmental effects, read-out errors, atc,
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En - Xn - xc .
The arithmetic mean value of the error dis:
E-(E1+E2+...+En)/n (90)
The mean error spread o ie:
o- [(El - E).b. + (E2 - E)abu + .00+ (Bn - E).b']/n (91)
Thus wa can obtain a systematic error with uncertainty in the following form:
E=E#a (for example, Ego = + 1.97° # 0.045%).

Where it is intended to add this error to another systematic error with uncertainty (for instance,
Ew =~ 0,47 + 0.050°c>. the following procedure is followad:

° o " 2 2
Eov.r.ll -+ 1197 C - 0-“7 [+ : 00045 + 0.050

= +1,50° + 0,067%
Mostly, the standard deviation ¢ is used instead of the mean error spread a, in which case:
E=E 4 lo[for example, By = + 0,90° & 0.017°C 3 (19)}.

The standard deviation ¢ is defined as follows:

V(El—ﬁ)aq- (Bp - B2 o v v ot (B 512
g =

n

Generally, measurement errors can be represented by a gaussian distribution. In this case
the probability that an error of a particular measurement falls in the interval E +1lo, E +20,

or E+ 30 4s 68,38, 95.4%, or 99.7%, vespectively.
For a gaussian distribution the value of the standard deviation o can be expressed in terms

of the mean error spread a by:

o = ayfR/2 = 1.250 (92)

Now we can transform the form of the error Bsc mentioned above through multiplication
(#0.045°C + 1.25) into*:

E.. =+ 1,97%C + 0,056%; (10).

sC

* If needed we can also obtain the form for 3o by multiplication (+ 0.056 * 3): E,, = + 1,97% +

0.168°C; (30)
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f Y The compination of several individual errors into ons overall error is achieved, in the exazples used o
‘ hiere, through direct addition of the systeratic components and forming the square root of the sum of ﬁ
k : the squared statistical error components (RSS summation of the uncertainties), as follows: ’2

Eovcrnll - ESC + E"

= + 1,97% + 0.90% t_{o.osez + 0.017% °¢

= + 2,87% + 0,0575%; (l0)

AT

It is seen that, in the combination of uncartainties or standard deviations, as wall as
statistically distributed errors (random errors), it is always the maximum value that governs the
ovarall value, In most instances, all values can be disragarded if they are smaller than ons fifth of
the maximum value. Moreover, it is impractical to calculate with a greatly different number of
integars behind the decimal point, since this will not increase the accuracy but merely the computation
effort. Therefore, numerical values with tooc many decimals should be rounded off.

In the calculation routine described above, the overall error for a certain point of the
instrument scale (indication + 25°C) was determined, If this routine is repeated for a number N of
additional scale points, a different mean for the ovarall error will be ocbtained for every poinc on
the scale, whers the standard deviation can assums different values. If, as in the axample of
Figure 101b, the variation of the means is small, an overall error with uncertainty can be derived

from the numbsr N of the overall errors that are each valid only for one single point. Here, the
sum of the means and the separate standard deviations van be combined as follows:

i A Eovergll = “EI + EII oo ""EN)/NJi\/("? +°§1 . 0 +°§)/N {93)

Thus we obtain a single value that is valid for the entire range with sufficient accuracy.
The same procedure would be possible for am error profile of the type shown in Figure 10la, for low
, Mach numbers, but it would yield a false statement on the characteristic error profils over a large ;
i part of the range. ﬁ

Practicsl examples for the acquisition of the overall error as s function of different
parameters are provided balow., However, it should be noted here that, in addition to the linear error
digtribution discussed sbove, whare ithe uncertainty boundariss are locatad syrmetrically to the mean
value, thera are slso nonlinear error distributions where the uncertainty boundaries are located
asynmetrically to the mean value, Ons typical example of this situation is the velocity error. For
instance, if the recovery factor fluctuates by + 0.1 in the subsonic range, the velocity error will
have an asymmetrical error distribution, Figure 106* shows & velocity error of E, = -2.3% + 1.45/
-1.05% for Mach 0.5. Conversion into a symmetrical form (by forming a simple mean of uncertainty),

E, = -2.3% + 1.25°c. is not corract, but in this case, is acceptable in place of cumbersome computation
routines, because the error value so obtained is located "on the safe side" (conservative), meaning that
it is more likely too high than too low. This form of a systematic error with symmetrical uncertainty
can be combined subsequently with other errors of any type, by the procedure described above.

In our discussion of the individual components of the position error in Section 5.2, we
mentioned only a few systematic errors that always have a positive sign (such as the self-heating error
BSH and the deicing heat error EDH)' or always & negstive sign (such as the velocity error E, and
the attitude error Ea)' Other systematic errore zan have different signs, depending on prevailing

PP TS T
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* These figures will be discussed at greater length in the section which follows.
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conditions (heat addition greater than heat subtraction, and vice versa), for instance, the heat
conduction error Ec and the radiation error ER' When all of these components are combined into the
position error, a systematic overall srror will arise that has a positive sign below a certain Mach
number, passes through zero at this Mach number, and then has a negative sign (cf. Figures 108 and 109)%,
The uncer :nty or standard deviation of the position error will be very great in the presence of a self-
heating error and/or a deicing heat error st extrsmely low airspeeds, but will decrease very rapidly
with increasing airspeed, and rise again gradually above about Mach 0,2, Where these two errors are
absent, the uncertainty of standard deviation will be almost aqual to zuro at very slow airspeeds, and
will rise slowly with increasing airspeed, as a function of the velocity error (cf. Figures 106 and 107)*,
In most instances, the temperature lag error can be disregarded, since the measurements aro
normally performed in a steady-state flight (that is, at constant sltitude and airspeed)., Whers the
probe has a simple time constant, and in the event that temperature jumps or temperaturs changes at
constant temperature gradient occur during the measurement, these could be corracted as describad in
Section 5.2.3. Since it is very difficuit, in most cases, to determine whether tamperatures belong to
one of these two types, or whather they have a sinusoidal pattern, rathar slaborate mathematical treatment
will usually become necessary (cf, Reference 3). These are subjuct to great uncertsinty, especially
in thoss cases whers measuraments acquired in accelerated £flights are to be evaluated**, Measurements
using probes that have several time constants are normally even more difficult to correct. Howsver,
in the case of the probas shown in Figure 83, it can bes expected that, at airspssds above Mach 0.2
(that is, where the time constant has valuas of Ty < 0.4 sec), the error will be less than 1% of the
temperature change within one second after its occurrence, 80 that it can be disregarded for practical
purposes,

The components of the instrument error EI (probe calibration exror ECAL and scale error
Esc) are dependent on the temperature measured in every instance, and no regular interralationship
exists betwuen srror magnituds and temperatuca. Thess errors are due to random variations in the
production process. These must be measured individually for every probe and instrument (cf. Figures
106 and 108)% , unless units with close tolerances and servoed indicators, or signal conditioners with
extramely small errors, are used (cf. Figure 107)* ., The electric lead error Ew is dependent on the
indicatad temperature also, but it can be made so small, through use of three-wire or four-wire leads
1f low~resistance elements are used, that it can be disregarded,

6.4,2 Data Evaluation and Error Correction

Hure, date evaluation and error corrvection are discussed using the oxnmﬁlu of ambiant ?
Lemperature measurement, and the values illustrated in the form of tables and diagrams.
As a rule we must distinguish batveen two cases:

(a) Lf the data are needad over the entire flight envelope of the aircraft, the dependence of
all errors on Mach number must be plotted for the different altitudes at increments of
typically 10,000 £t, This rather voluminous effort will be raquired in most instances for ;
flight teate of civil as well as military aircraft,

(b) 1Ig the case of sircraft used for civil tranasportation or rimilar uee, a
certain range about a standard flight profile will he exceeded only under exceptional
circumstances, Possibly, two such flight profiles can suffica, where an aircraft is
employed in both short-range and long-range flighta.

In the first case, five disgrams may be required, This could even double in number where both
operations with and without probe delcer are to be covered, However, in the second case, the prohe de-
icer system will always be turned on at take-off, so that one or two diagrams will suffice. In the
case of VIOL aircraft or helicopters, relationships will possibly range between these two boundary cases.

* Thege figures are discussed in'more detail in the section which follows.

k% The time lag eror of the recorded pressure vslues must first be corrected also.
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As 8 rule, it vill be sufficient to plot the appropriate values of the standard atmosphere as
static temperstures for the different altitudes, However, it should be pointed out that, near the
ground, ths static temperaturs can deviate comsidarably from the standard valus. In those cases vhare
the instrument srrors that are dependent on the indicated temperature reach large values, it may prove
necessary to prepare two or thrae diagrams for tha lowest altitude leval (for instance, 1000 ft)+,
since the indicated temperature is s function of at least static tempersturs and Mach number. For
practical purposes (meaning the correction of the indicated values in the aircraft), the usual procedure
is to establish a small corrsction table from the graph presentations, possibly stating the applicabie
range of tha table.

The first type of data evaluation {s shown in Figure 106 for a 1200 ohm flush-bulb probe
with ratio mater st an altitude of 100 ft and a static temperature of + 16°C. The same presentations
would have to ba prepared for the altitudes of 10,000 ft, 20,000 £t, and 30,000 £t (depending on the
ceiling of the aircraft). In the upper part of Figure 106, ths self-heating error Esu. and the airspeed
error E, with ite dispersion range, are plotted versus the Mach number. Since the components of the
instrument error depend on the temperature of the probe or on the prevailing indication of the
instrumsnt, the probe calibration error !CAI. , the scale srror !sc and their sum, the instrument
srror EI (each measured individually in the laboratory) are plotted in the lower part of this figure as
s function of texperature. The electric lesd error !" wes considered negligible, since the probe
has very high resistance and is operated in a thras-wire configuration. In order to be abls to transfer
the instrument error to the upper part of the figure as a function of Mach number, we must first
determine the recovery temperatures Tx associsted with the individual Mach numbers, assuming a mean
recovery factor of r = 0,85%% for the altitude in question and for ths static temperature prevailing
there, using Figure 110. The values of the ingtrument error that are associated with the recovery
temperature valuss found by this procedure can be plotted subsequently in the upper diagram versus the
corresponding Mach numbers. Addition of self-hsating error, instrument error, and velocity error (mean)
will yield the solid line of tha overall error, by which the mean of the indication deviates from the
total temperature, The uncertainty of tha velocity error would have to bs displaced in accordance with
the overall error of ~2,8°C with an uncertainty of about + 0.8%C#** at Mach 0.4, To ba quite precise,
specific uncertaintiss would have to be taken into consideration for the other error values as wall,
but in the case shown here thase are very small and can thsrefore be disragarded. The uncertainty would
increass rapidly with increasing airspesd and would reach a value of about + 4°c at Mach 0.85, for
ingtance, making the msasurement useless.

It is seen from this example that, in tha case of simple temperaturs probes located in the
aircraft's boundary layer, the sirspeed error, and dispersion, is so largs at intermediste Mach numbers
that it overshadows all other errors. Further, it is seen that the effort involved in the calibration
and in the summation of the instrumant errors that are dependent on the indiceted temperature, and the
position errors that are depandent on the Mach number are extremely laborious and time-consuming if
an acceptable accuracy is to be obtainsd,

The opposite example is illustrated in Figure 107, where the error cowponsnts for a total
temparature probs of 500 ohms and a servoed indicator are shown. In this system, ths raplacement of the
prode or ths instrument requires only the adjustment of the line compensation for tha instrument at two
oeasuring points. In that cass, the instrument error, like its individual errors, is defined by
ite tolerance limite:

2

s = +¥0.1% + 0,22 = + 0.23% (94)

7
+ 08 = ayfbr, %+ a8

(cf. the upper part of the figure)., This value 1is not depandent on the indicated temperaturs, since the

* This corresponds approximately to minimum altitude, except for take-off sud landing.

** To simplify ths presentatiss., s very favorable probe location was assumed; this may result in an
almost constant recovery factor.

*ak In this case, dispersion rangs should be ssymmstrical: +0.9°c. -o.7°c; it can be rounded off with

little errer to + 0.8°C, cf. above.
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limits for Esc and ECAL apply for the entire temperature range, Whers probes with normal tolsrances

are used (cf, the dotted curves), this would not be the case, However, during normal climbing and let-

down flights the temperature in the subsonic airspsed range would be displaced to such a degree that the

probe calibration error should not exceed the limits of 10.3°c. The result would be an instrument error

of 10.36°c over the entire subsonic range that would include the scale error limits, The center diagram

shows the deicing heat error EDH of a probe housing with one element*, and the velocity error zv

with uncertainties up to an altitude of about 1000 ft. The lower disgram shows the corresponding values

for the stratosphere, This type of a TAT probe will also yield an asymmetrical measured value

distribution, where the mean will be located nearer to the smaller values. Consequently, if the

probe deicer werse turned off, only th: velocity error P.v would have an effect, and its uncertainty

would have to be summod (after conversion to symmetrical values) with the uncertainty of the instrument

error (RSS summation). If the probe deicer were turned on, the velocity error Ev would be compensated v

by the deicing heat error !DH at about Mach 0.35 in sea level flight, and Mach 0,55 at an aititude.of

40,000 ft. At greater airspescs, the velocity error would be predominant, and at slower airspeeds

t the deicing heat error predominates. The resulting overall error** was not plotted in this figure, but

the self-heating error ESH vhen using galvanometers and ratio meters is shown for comparison purposes.

This error is hardly noticeabls in the case of good servoed instruments. X
Figure 108 shows an example for case (b) identified gbove, where the resulting overall error '

is shown for a flight profile with Mach 0.2 at sea level, Mach 0.85 at 40,000 ft, and Mach 2.0 at '

50,000 £t, using servoed instruments with enclosed and exposed elements, each set with and without

S0
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probe deicer system.
Figure 109 shows a combination of a probe having an enclosed 500 olm platinum element with a

galvanometer and with a ratio mater, for the same flight profile., The means and the associated
uncertainties are represanted for the conditions with and without probe deicer. In this case the
tolerance limits of the instrument error and probe cslibration error were entered into the calculation of
the uncertainty, since the stipulation had been made that the probes and the indicators should be
interchangesble without individual recalibration. It is seen from this figure that this requirement,
vhich is made by some aircraft operators, results in uncertainties or tolerance limits ranging from
+ 1.5% to 2.5°c. in spite of using TAT probes. Under these conditions the employment of probes having
close tolerances would hardly yield an advantage, since the instrument tolerances are the governing
H factor. Howevar, where simple probes are used in the aircraft's boundary layer **k, the uncertaintiss
: would incresse vary rapidly at airspeeds in excess of about Mach 0.4. The case of & combination of a
TAT probe (with normal calibration tolerances) with a galvanomster is shown for compariscn purposes,
both elements being calibrated in the lgboratory., This results in a considerably narrowed uncertainty,
¢f. the shaded zone, of about 10.5°c. However, the mean can have such an unfavorable profile versus.
the Mach number that a strange correction table would result.
The following conclusions can be drawn from these figures:

e e s

(a) The customary combination of TAT probe with enclosed alement (normal tolerances) and
galvanometer or ratio meter will permit only moderate sccuracy with a dispersion of * 2.5%
in the case of the galvanometer or + 1.5°C for the ratio meter (applicable for measuring
ranges from -50°C to +70°u), unless correction tables are used,

(b) 1If an instrument error correction (composed from individual calibrations of imstrument
and probe), which is dependent on the indicated temperature, is allowed for the
equippent array named abtove, supplemented by arn additional correction for the position
error (velocity error + deicing haat error), which is dependent on the Mach number,
quite reasonable accuracy will be achieved vith an uncertainty of sbout + 0.5°C.
However, the correction tables must list a large number of values and become too
cumbersome to handle in practical spplication.

* Deicing heat error is considerably greater inm housings with two elements (by more than 1%¢ at slow
airspaeds).
*k Cf, Figure 108,
#k% As is the case in Figure 106.
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(c) The best sccuracy (0 to + 0.25°C with an uncertainty of * 0.25°¢) 1s provided by & probe
with an open-vwire element and close tolerances, combined with a servoed indicator. In
that case the correction tables may become entirely superfluous.
their fragile nature, these open-wire elemsnts are hardly feasible for sustained use in

supergonic aircraft.

(d) Very good results (0 to -0.6°¢ hd 0.32°C) are achieved with probes having sesled elerants
and close tolerances, combined with a servoed indicator.
tables could be eliminated for many types of applications, and where it is needed, the

table will be much simpler than it is in the case of item (b) above.

An additional inaccuracy of + 0.5°¢ will develop during the conversion of tctal temperaturs
to static temperature (using tables or Figure 110, line r = 1.00), increasing the uncertainty to a
maximum of +2 .6°C or + 1.6°c. raspectively, in case (a), and to about + 0.6°C in case (d).

In an air data computer, the corrsctions for the systematic error component of the output i
signal (that is fed to other systems and indicators) should be done sutomatically, ‘
theoratical uncertainty for the static temperature in a computer for the subsonic airspeed range
(at a mean error of + 0.01 Mach in the acquisition of the Mach number) would have a maximum of + 0.8%*,
However, the "gusranteed" values are + 3.0° from Mach 0.3 upward for the older systems (referred to the ¢
indication on the instrument), because of the difficulties involved in acquiring the Mach number at the :

low airspeeds. Howaver, in this respect, the following should be noted:

The "guaranteed" values of air data computers apply slmost always with the stipulation that
the position error at the inputs for static and total pressure are prasent only above Mach 0.4, and
that the position error table acquired during the flight test program is valid for all aircraft of the
Also, it is usually stipulated that the velocity error be the
only appreciable error of the temperature probe (which in the case of TAT probes has been reduced to the
Moraover, in the majority of cases the computar manufacturers prascribe
neither the selection of the TAT probe (for instance, types with close tolerances and two alaments),
And in any event, tue temperature

same type and permits 1002 correctiom.

magnitude of the other errors).

nor that the deicer be turned on (whils taxiing and in flight),

probesg are in most cases operated at graatly excessive voltages, so that self-heating will assume
Consequently, it is worthy of examination whether the "guaranteed temperature
values" sre maintsined only with a substitute resistance (that can be loaded as dasired) or whether
they can be maintained with a probe exposed to an air flow, taking into consideration whether the

considerable values.

probe deicer is turned on or off,

Consequently, there are the following uncertainties as absolute and relgtive values for the
determination of the static air temperature, the relative values referred to a static air temperature
of 216,7°K = - 56,5°%C in the stratosphere* (for airspeeds up to about Mach 2.3 and altitudes below about

60,000 ft):

Conversion

from the TAT

indication

Air data
computer

Radiosonde

Galvanometer
Ratio-meter
Servoed instrument
(with PCI)

New

(manufacturer's data)
0ld

(manufacturer's dats)

New (calibrated
prior to taks-off)
In general, maximum

:2.6°C = :1.2%
¥1.69C = ¥0.74%

$0.6°C = 30.28%

+1°C = +0.46%
39 = +1.4%

£0.79C = +0.33%
+5%C = +2.3%

Howsver, because of

In this case, the correction

In that case, the

SRR kRS

PIRR
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When the ccmpressor inlet tempersture CIT 1s measured, the dats are evaluated by the same i
procedure, except that they may be plotted versus tha flowrate (msss velocity) instesd of the Mach '

pumber, In the case of the OAT measurement, it was sufficient to plot the airspeed as a function of

* Provided that Mach numbers of greater value are flown only at greater altitudes,

** Values sre slightly more favorable at lower
fog, or intense rain are made.

altitudes ard airspeeds, if no flighte in clouds, dense
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Mach number and altituda, since low Mach nmumbers at high altitude (such as Mack 0.2 at 40,000 ft) is ¢
situation outside the flight regime of normal sirxcraft, Since it is quite possible that low air
valocities at relatively low pressures are encountered in engine inlets at throttled angine output, the
values shown in the diugrams for the recovary error n will no longer ba valid in such cases. An
additional recovery correcticn factor must be applied that is a function of proba design and can assume
values betwasn about 0,4 and 4,7, Probe designs of the type shown in Figure 20b have an appreciably
greater recovery error compared to ths TAT probei used for OAT mespurements, but have & racovery
correction factor instead, that is close to 1,0, In that case, the correction vilues for the ramcovery
arror that must be applied will be appropriately greatsr, but the additional corruction for the

i correction factor will be elimingted. These problams are discussed in detail in Reference 60.

: Similar considerstions should be valid for measurements of the sngine exhaust gas temperaturs
EGT, Here we are concerned with very high temperatures, where we will always encounter relstively high
¢ radiation and heat conduction errors whenever there are major temperaturs differences batwesn ths gas
¢ | and the wall of the jet nozzle (which occurs especially after a change in engine output). Under thess
z conditions, it would bs very difficult to isolate the radiation and heat conduction error from the

] velocity srror or its change as a result of a change in the recovery error. Also, it should be pointed
out again that the general practice in computing the total temperature is to uss 1 value of Y = 1,33
in place of the Yy value of 1.4 that is customary for OAT measurements. This is because of the high
static temperature of the gas. Publications available to date on EGT measurements (References 41 gnd
48) do not yet cover all the conditions that are possible for ths OAT measurement.

In the case of temperature measurements in liquids, in solid bodies, and on surfaces, the
only error in addition to the instrument errors is usually the heat conduction error EC' which is the :
only component of the position error of concern here, It is dependent on a great variety of paramsters, !
such as flying time, engine operation temperaturs, altitude and airspesed, and the like, Very
frequently the data evaluation is limited to the addition of probe calibration error ECAL and scale
error Esc ss functions of the indicated temperature. Any self-heating effect that may have to be
taken into consideration, for instance, where the temperature of solid bodies is measured with tip-
sensitive probes, can be included implicitly through an appropriats offset of the values of the scale
error. Position errors that must be procaesed, as in an OAT measurement, will be encountered only in i
surface temperature measurements on the aircraft skin or in the air inlats or exhaust gas tubss. In
that case, spacial attention must be devoted to the radiation error ER unless the temparature probes
have the same emissivity as the surface concerned (Reference 1lll),
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CONCLUSION s .

The first temperature messurements in aircraft were probably made more than 50 years ago. )
Perhaps this period should have been sufficient to clarify all the open questions in spite of the I
advances that have been made in the perfcrmance of aircraft, That this is not at all tt;u. and that the '
number of unsolved problems has increased rather than decreased, shall be discuseed briefly in this
section,
It was seen from the preceding sections that considerable progress has been achieved only in
the last decades, especially with respect to ambient temperature wmeasuremants, but this progress has
certainly not been fully exploited. Tha devalopment trend in modern avionic systems shows that the
importance of air data, and hsnce of tamperature messurements, will continue to increase in the future,
since a continuously rising number of black boxes demand more and more inputs of high accuracy that
must be derived from air data, With the aid of appropriately designed modern air data computers, it
should be possible to limit the error in temperature vglues to about three to five parts per thousand, E
provided that the boundariss that correspond to the flight regime of prasent-day conventional
aircraft ars not exceeded: i
Sea level: approximateiy Mach 0 to 1.2; )
40,000 ft: approximataly Mach 0,7 to 1.7;
60,000 ft: approximately Mach 1.5 to 2.3.
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This range 1s also characteristic for the validity limits of the simplified squations using
Y = 1,40 and of the disgrams listed in this book. That is, provided the air has a limited content of
wvater vapor and liguid water,

However, the list of flight regimes mentioned above must be supplemented by at least one
additional range:

——f,

80,000 ft: approximately Mach 2.0 te 3.0.

At this altitudg the density of the air is very low so that a sharp rise of the otherwise
negligible haat conductio& error sust be axpected if the air speed is considerably below the minimum
named above. On the othey hand, very high totsl temperatures will develop in this airspeed range
(according to Figure 61, up to a maximum of about Mso"c). Under these conditions, the radiation error
will reach appreciable magnitudes, since it depends on the fourth power of the gas temperatures inside
the probe housing and of the housing wall, Figure 71 shows that it can amount to between 0.08% and
0.122 of absolute total temperature, corresponding to an absolute error between ~0.35°C and -0.88°,
Among other effects, both of these errors are influenced by the fact that, at high altitudes, the
boundary layer about the individual probe elements (sensor, radiation shield, inner wall of housing)
becoms very thick, depending on the Reynolds number, and start penetrating each other so that measured
dats acquired at low altitudes cannot be simply extrapolated to higher altitudes (References 103 and 112).
In the case of modern probes, this coudition will not be encountered, especislly at higher air spaeeds,
as long as the total pressure behind the shock wave does not drop below a value of about 300 mm Hg
(about 400 mb).* Also, we should keep in mind that the given equations and diagrams for supersonic
flight apply only bshind normal shock waves but not behind oblique or intersscting shock waves.
However, with increasing Mach number and altitude the shock wave formed at the nose will become
continuously sharper so that interaction between the nose shock and the shock wave formed at the probe
inlet can take place. Conditions become aven more complicated when the boundary layer at the fuselage,
which bacomas thicker with increasing airspeed as a result of the rising temperature, immerses the
probe inlet. In addition, it must be kept in mind here that, at altitudes of 80,000 £t and at high
total temperatures, we approach the zone where the air no longer behaves as a continmuous fluid., 1In
this zone significant changes in the aerodynamic and heat transfer processes take place. In that case
the theories on rarefied gas dynamics must be uged., When the ratio of mean frae molecular path length
to boundary layer thickness, known as the Knudsen number K, reaches & value of about 0,01, the
continuous flow will be replaced by & so-called slip flow., The layer of air which contacts the surface
of an aerodynamic body directly will no longer stick to it but will slide along the surface, and a
corresponding tamperature jump will take place (Reference 106). The practical implications of this
phenomenon are not by any means completely understood from the viewpoint of instrumentation
technology.

Moreover, it was already indicated in Section 5.2 that the value y = ¢ /°v = 1,40 which is
normally used to compute the kinetic temperature rise is no longer valid at very high temperatures,

Tha change in the y values is due to the fact that with incressing static temperature more and more
degrees of freedom of diatomic molecules ars excited (cf. References 107, etc.). Thus, the value of Y
drops from 1.67 at very low temperatures to about 1.40 at room temperature. At about 350°K. vibrational
degrees of freedom are excited in addition to the rotational and translational degrees of freedom.
These achieve their full value at about 1.800°x, where Yy drops down to 1.29. 1In addition, when the
sensor is located immediately behind the shock wave, it must be remembered that Y is not only a
function of temperature and pressure but also of the rate of expansion or compression, since the

air molecules require a certain period of time to achieve temperatures equilibrium. Under these
conditions, the effective values of Y decrease at a much slower rate with respect to the total
temperature than the Y values for the static temperatures (cf. Figure 62). This change of the vy
value from its standard value of 1.40, also called caloric imperfection, is not a source of error in
measuring the total temperature but, at total t. iperatures ai.ve s:iui -;‘.59°C. that is, at air speeds

* At high suparsonic speeds exceeding M = 3, corrections of the TAT indications indeysndent of the total
pressure must be found, It must also be kept in mind that at high temperatures all iusulators convert
slowly to conductors and that at about M = 6.7 the TAT approaches the melting temp. of platirum-
rhodium thermocouples (cf. Reference 112).

Fn e A B et g e g ot a

R R !

B L




90

in excess of about Mach 2.1, the corresponding AT value (instead of ths standard value of 1.40) must
be used when the static temperature is computed from the total temperature (e.g. in air data computers
for SST).

Caloric imparfections can play s role even in the subsonic air spesd range. Let us be
reminded that, for instance, in flights near the ground at transonic air speeds and a static tempersture
of +30°C accompanied by a relative humidity of more than 80Z, errors of more than 1% must be expacted
in the values supplied by an air dats computer (true air speed, static air temperaturs, and the liks).
Thess increase very rapidly with increasing temperature and humidity (Reference 105), Another area
where the practical implications are not undsrstood are the conssquences that result when water vapor
condenses in expansion zouss about the sircraft or in the engine inlet*, s phenomenon that is not
:” unusual. Similar conditions prevail when the aircraft entars & cloud formation, Here s different
temperature and air density prevails than in the adjacent clear air; however, it is certain that the
values read from the sltimeter, air speed indicator, and temperature indicator are subject to very large
errors. This applias especially to the tempsrature values when the cloud contains undercooled water
droplets that have subfreezing temperatures, All of these effects, in addition to the effects of an
intensive rainfall, are not satiafactorily understood at all (References 39, 49, 97, 98, and 105 to 110).
These exfacts dessrve special attention not only for poor weather approaches by civilisn aircraft, but
aven more so for militavy aircraft that must oparate at high air speads and low altitude in order to
escape radar acquisition.

In the case of an OAT measurement, it is relatively simple to dstarmine the absolute value
of the velocity error as a fuvction of recovery error and Mach nunber. In the case of the CIT and EGT
seasurements, the velocity error is more difficult to determine since the flow rate (mass velocity) in
the engine is depandent, among other things, on ths f£light Mach mumber and engine rpm or engina output,
On the other hand, little experimental confirmation exists for the mathematical relationships between
local Mach number in the engine and mass velocity as a function of pressurs and temperature (cf. Figure
62¢). Detailed investigations are still needed on the Yorf values to be used in EGT measurements
(static value about 1,316 near 800°C. normally used "effective value" = 1,33), Since this is an area
vhere relatively primitive probe types are used, and the service life of the engine is a logarithmic
function of EGT, the remaining open quest?.ns should be clarified experimentally, considering the
1 continuous increases in sngine performance.

As 8 rule, the remaining types of messuremants are relatively straight forwvard and do not

{ require detsiled discussion here, One exception could be ths msasurement of the temperature of a surface
located in an inflow., Here the problems outlined above sre coupled with the uncertainties involved in
neasurements obtained in a boundary layer, and special attention will have to be devoted to the radiation
error.
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In compiling this volume the authors encountered a highly varisble nomenclature in the
different publications on the subjects discussed here. Thersfore, an atteupt was made to achieve a
certain uyniformity of presentation, at the same time retaining certain terms and eymbols that have be-
come well aatablished in practical use. Espacially grast divergence in the terua and symbols used
exists between the purely scientific literaturs (for instance on wind tunnel investigations) and the
flight testing results published by the practitioners. But even among the latter, it is rarely possible
to evaluate and compare the results directly, since important information is lacking in most instances
(such as, whether data were obtainad in stesdy-etats or accelerated flight, whether or not corrscted
for instrument error or self-hesting error, resistance value of the element, instrument type and
harnsss type used, statement of probe loading, and the like). It would be of great advantage if the
symbols and terms used in science and practical asronsutice could be standardized,

* This appliss just as well for condensation shocks behind shock waves in supersonic flight
(Raference 107).
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(a) open-wire element

(b) hermetically scaled tubular element

(c) ceramic coated tubular element

(d) miniature ceramic coated element

(e) well-type element

(f) rugged well-type element

(g) fast response well-type element

(h) flat element (strain-sensitive)
(i) flat element (strzin-free)

k

(k) thermistor

Fig9 Construction of resistance probes
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Fig.10 Thermistor
(special type)

Fig.11 Bimetallic thermometer with radiation shield

waLll

(a,b) for use in cross-flow
(c) L-shaped probe for parallel-flow
(d) ditto, with protecting shield

| Fig12 Simple well-type probes, stem-sensitive

(a) open-wire type with shield Fig.14 Flush-bulb
(b) knife-edge type

Fig.13  Old types of probes




Fig.15 Total temperature probes

Fig. 16 Total temperature probes
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Fig.20 Internal construction of simple TAT probes for compressor inlet temperature
measurements

Fig.21 Special mounting arm for Rolls Royce engine with 2 TAT probes for compressor inlet
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Fig.31 Bridges with special output for recording
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(a) thermocoax, one-lead Fig.37 Foil thermocouples

(b) thermocoax, twin-lead

(c) double bore ceramic beud (twisted contact)
(d) double bore ceramic beud (welded contact)
(e) well-type, hermetic (grounded junction)

(f) well-type, hermetic (ungrounded junction)
(g) exposed junction with shield

Fig.36 Construction of thermocouples

o
(a) probe with fixed fitting Fig.39 Simple TAT probes with
(b) probe with adjustable fitting (shown with thermocouples
different elements ¢ and d) i

Fig.38 Thermocouple probes
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| Fig.40 Special TAT probe with thermocouple

(a) spring loaded bayonet lock type

(b) brake drum thermocouple probe (open tnp)
(c) gasket-brazed junction

(d) little gasket-type junction

(e) blind rivet juaction

(f) junction with pipe clamp adapter

Fig41 Thermocouple probes for measurements on solids

Fig42 Circuits with thermocouples
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Fig43 Temperature indications with different locations of the gradient
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Fig.44 Wiring diagram -- simple thermocouple thermometer
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Jr- Aumet W |lr. I' -
Thermocouple e —0 +
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Fig.45 Wiring diagram — thermocouple thermometer with thermostat as reference point
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Fig.47 Special circuits
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Fig48 Thermocouple with potentiometer circuit
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Fig.49 Thermocouple with servo temperature indicator

.

left: simple indicators = millivoltmeters (M)
right: servoed indicators (S)

Fig.50 Thermocouple indicators with different scale presentations
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Fig.52 Nusselt number as a function of Reynolds number and shape of probe
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Fig.112  Mach number vs, indicated airspeed and pressure altitude
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Fig.113 Absolute and relative error in the airspeed vs. Mach number as functions
of given values of abs. and rel. errors in Mach number and static temperature




