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SUMMARY

A ————

Flight testa have been performed on two different designs of impact air
thermometer, with two thermometers of one design fitted with different sensing
elements, in the altitude range from 30,000 ft to 40,000 ft at Mach numbers
between 0,50 and 1.82., The performance of these thermometers is desc¢ribed by
two parameters, the recovery factor and the time constant, values of which were
obtained. The unusual behaviour of the recovery factor for one of the thermo-
meters is discussed. At subsonic speeds it is shown that the normal straight
line method of analysis, plotting indicated temperature versus (Mach number)2,
can be invalid., At supcrsonic speeds, the use of an apparent recovery factor,
which includes the effects of both the normal shock wave and the thermometer
recovery factor, is recommended.

There is a large difference between the flight values and some laboratory
values of time constant for one of the thermometers which suggests that the
normal laboratory tests are not fully representative.

The flight test technique has been critically examined and suggestions
made for any future investigations into the behaviour of air thermometers. The
need for an accurate independent method of measuring static temperature during
the tests is stressed,

Replases R.A.I. Report No. Aero 2673 - AWR.C.25416
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1 INTRODUCTION

With the development of high performance aircraft and airborne navigation
systems has come a growing need for more precise measurements of either static
or total air temperature.

A1l direct methods of measuring air temperature indicate a temperature
containing some fraction of the local dynamic temperature, because the air is
brought to rest at the sensing element, However, the indicated temperature is
rarely the same as the free stream total temperature, and the efficiency of
the thermometer, known as its recovery factor, is given by the differenoce
between the indicated and the free stream static temperatures divided by that
between the free stream total and static temperatures, For a reliable air
thermometer the recovery factor should be constant, independent of its position
on the aircraft, or of varying flight conditions, and ideally should be either
zero or unity, because the thermometer will then indicate either the free streanm
static or free stream total temperature, A rapid dynamic response is also
required to minimize the error caused by the rapid changes in free stream
temperatures that can occur in some flight conditions (e.ge climbs and
accelerations).

At the present time there are three direct methods of measuring air
temperature,

Surface temperature elements:1=3s5 These measure the temperature of the skin
of the aircraft, or a probe, and are therefore very dependent on the state of
the local bourdary layer, Thermometers of this type are still used but are
rapidly being replaced by the other two types. The disadvantages are a large
lag, depending on skin thickness and internal air temperatures, a low recovery
factor, of the order of 0.8 to 0,9 which depends on the state of the boundary
layer, and large, possibly variable, radiation errors,

Vortex thermometers:ls> These utilize the reduction in total temperature which
occurs at the core of a vortex. The vortex strength is controlled to obtain a
core total temperature equal to the free stream static temperature i.e. a recovery
factor of zero. Thermometers of this type have been used on subsonic aircraft
in the United Statest*. The main problem is maintaining the correct vortex at
high subsonic and supersonic speeds, as the presence of shock waves alters the
vortex characteristics, and therefore the recovery factor varies.

Impact thermometers:>22 These are designed to bring the air to rest at the
sensing element by an adiabatic process and so measure the free stream total
temperature, This type of thermometer appears to be the most relizble instrument
for measuring air temperaturc, and is the method most commonly used at present.
This report presents the results of flight tests on two different designs of
impact thermometer.

There are indirect methods for measuring temperature which depend on such
temperature sensitive quantiiies as the veloocity of sound, air density, infra-
red radiation, etc., but all these methods are too cumbersome for use on
aircraftd.



Apart from these methods, air temperature can also be obtained from
Meteorological office measurements using Radiosonde balloons. However, this
method is not very reliable, as air temperatures may vary considerably with
time and distance from the measuring station. Meteorological data is normally
only measured every twelve hours, and the stations are separated by large
distances.

Previous testsd (unpublished) at subsonic speeds, made by the College
of Aeronautics at R.A.E. Bedford, used four impact and one surface element
thermometer installed on a Hunter aircraft; the best results in these tests
were obtained from impact thermometers with radiation shields, a ventilated
sensing element chamber and thermistors (temperature sensitive semi-conductors)
a8 the sensing element. Both of the thermometer designs used in the present
tests were fitted with radiation shields and ventilated, and one of the
thermometers used thermistors as the sensing element,

The thermometers were tested at supersonic speeds, using the Fairey
Delta 2 aircraft, to extend the work of Ref,3 to higher speeds and demonstrated
some of the difficulties in obtaining an accurate measurement of air temperature
under these conditions.

It should be noted that the majority of the results were obtained whilst
the aircraft was engaged on another project and the time scale was severely
regtricted by other commitments on the aircraft. As a consequence the results
have certain limitations which are considered in the section on Flight Test
Technique (Section 5.4).

2 INSTRUMENTATION AND PRE-FLIGHT CALIBRATIONS

2.1 Thermometers
Four thermometers were used in the tests:-

Two Penny and Giles (A.& A.E.E. type) with nickel wire sensing elements
(Serial Nos. 3021-2),

One Penny and Giles (A.4& A.E.E. type) with thermistor sensing elements,
and

One Rosemount Engineering Company Model 102E with a platinum wire sensing
element.

All the Penny and Giles thermometers were identical apart from the sensing
elements. The standard element is a nickel wire resistance thermometer, but
one thermometer was modified by fitting 2 thermistors, as the sensing element.
External and sectional views of the Penny and Giles thermometer with the nickel
wire elements are given in Fig.1.

The Rosemount 102E thermometer was a sample loaned to the R.A.E. for testing;
external and sectional views are given in Fig.2.

Throughout this report the nickel wire Penny and Giles is referred to as

the nickel wire thermometer, the thermistor Penny and Giles as the thermistor
thermometer, and the Rosemount Model 102E as the platinum thermometer.

-7 -
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Before describing the instruments, the properties of an ideal impact
thermometer are briefly considered. The behaviour of impact thermometers is
usually described by two parameters, the recovery factor, which defines the
fraction of the free stream dynamic temperature rise indicated by the thermo-
meter, and the time constant, which is a measure of the response of the
thermometer to changes in temperature.

The ideal impact thermometer should have a recovery factor of unity and
zero time constant. To obtain this value of recovery factor the air sample in
the instrument must be brought to rest under true adiabatic conditions (i.e. no
heat transfer) and without inducing turbulence, because turbulence can produce
an uneven distribution of total temperature in the air sample; whereas for a
low time constant the sensing element must respond very rapidly to temperature
changes and the rate of airflow past the element must be high to give a rapid
change of air sample. Thus a recovery factor of unity and zero time constant
are conflicting requirements. However, by careful detail design satisfactory
results may be achieved.

The design features by which the manufacturers of these thermometers try
to achieve these aims can be seen from the sectional views in Figs.1(b) and
2(b), and are as follows:-

(a) Niockel wire and thermistor thermometers

To reduce heat transfer by conduction from the measured air sample, the
sensing element chamber is lined with cork. This inner chamber is surrounded
by a second, in which the air temperature and velocity are approximately equal
to that in the sensing element chamber, so further reducing conduction and
radiation losses. Another small annular chamber surrounds the inner two and
contains air at static conditions to provide additional insulation. The external
casing is of polished metal to reduce radiation effects, and the whole unit is
thermally isolated from the aircraft structure by the non-metallic section
attaching the thermometer to the strut holding it clear of the aircraft bourdary
layer.

The velocity of the sample in the innermost chamber is reduced by the
throttling effect of the four small exit holes at the rear of the chamber, and
the air in the secondary chamber is also throttled through a further four exit
holes. The usual sensing element is nickel wire wound non-inductively on a
cylindrical former, running nearly the full length of the chamber. Unfortunately,
the need for the element to be of robust construction to resist damage by objects
passing through the chamber (e.g. rain, ice, insects or sand) leads to the use
of thick wire and thus increases the time constant. In an attempt to reduce the
time constant to a lower level in one of the ingtruments used in the present
tests two thermistors were fitted in place of the normal element*.

*Tests on Perny and Giles thermometers with 'paper' resistance elements have been
carried out at subsonic speeds by the Aircraft and Armament Experimental
Establishment, (A.& AJE.E.), Boscombe Down. The results indicate a time constant
of approximately 1.2 seconds for these elements (c.f. approximately 10 seconds
for the standard nickel wire elements). It was also found that increasing the
area of the exit holes further reduced the time constant to an almost negligible
value.,

-8 -



It should be noted that since the sensing chamber is a relatively long
narrow annulus with rough walls the turbulence will be high,

(b) Platinum thefmometer

As in the previous design, the velocity of the sample is reduced by the
throttling effect of the exit ports, although the throttling is less than in
the nickel wire and thermistor thermometers.

The sensing element chamber is again surrounded by two other chambers
(the outer chamber being especially large) but both contain air at conditions
similar to those of the measured air sample. The body of the thermometer is
again of polished metal, but insulation from the aircraft structure must be
arranged at the mounting point. The entrance to the thermometer is clear of the
aircraft boundary layer, as in the case of the previous thermometer.

In the platinum thermometer a delicate sensing element can be used, because
the axis of the sensing element and secondary chambers is normal to the main flow
direction, air being diverted through it by suction at the strut trailing edge
exit. This change of direction prevents all but the smallest particles from
entering the chamber. In the thermometer tested the element is bare platinum
wire, approximately 0.001 inches in diameter, wouhd with ample spacing on a short
oruciform former and placed at the entrance to the chamber. The boundary layer
on the inside of the bend is removed by suction through the porous surface
before the air enters the chamber, and so the level of turbulence should be small,

2.2 Aircraft instrumentetion

Of the four thermometers used one of the nickel wire type was fitted to a
De Havilland Comet sircraft on one of the starboard cabin-windows, approximately
over the wing quarter chord Fig.3, and the remaining three were mounted on the
underside of the nose structure of the Fairey Delta 2 supersonic research air-
craft WG 774 (Figs.k and 5). Unfortunately the circuit used with the nickel
wire thermometer on the Fairey Delta 2 developed an intermittent fault*® which
could not be oured during the brief period occupied by these tests.

The circuits used with the thermometers are shown in Fi .6{ The nickel
wire and platinum thermometers use ratiometer circuits (Fig.6(a)), operated by
approximately 4 volts., The voltage across the thermometer element was
approximately 2 volts, low enough to prevent any significant self-heating under
flight conditions. The thermistor thermometer used a galvanometer circuit
(Fig.6(b)) supplied with a constant voltage, because the change of resistance
with temperature is too large (from LOOKQ to 2KQ for a range of 120°K) for a
ratiometer. The voltage was monitored by a second galvanometer. The ratio-
meters and galvanometers were mounted in continuous trace recorders. The value
of the series resistor in the thermistor circuit was adjusted to give maximum
sensitivity (mA/OK) over the temperature range required.

*Pollowing these tests the nickel wire thermometer was tested and no trace of an
intermittent fault was found.

ATt is essential to note that these non-temperature compensated circuits could only
be used because of the small variation of the temverature in the Fairey Delta 2
instrumentation bay (typically *59%K about ground ambient).

-9 -
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The dynamic oharacteristics of the ratiometers and galvanometers are:

Undamped natural

frequency o/s Damping ratio

Ratiometers 11 1.0 - 2.0

Galvanometers 80 0.7

The other measurements required were airspeed, altitude and time, The timing
for the three recorders in the Fairey Delta 2 was provided from the internal
timing system in No. 1 recorder, and this timing was synchronized with the
Comet's recorder by simultaneous event marks on the Comet and Fairey Delta 2
records at the moment of passing. The airspeed and altitude of the Fairey
Delta 2 were indicated by barometric capsules; those of the Comet were obtained
from auto observer records.

2,3 Calibrations

Calibration of thermometers when installed on the aircraft is a rather
difficult task, because of the problem of applying a known and controlled
temperature to the thermometers under conditions where self-heating is
negligible. Because of these difficulties it was decided to first obtain a
laboratory calibration of resistance against temperature under negligible self-
heating conditions; then simulate the thermometers on the aircraft using a
sub-standard resistance box, to obtain calibrations of the aircraft circuits in
terms of thermometer resistance. From these two calibrations the variation of
trace deflection with temperature for zero self-heating, the desired calibration,
was derived,

2,31 Still air self-heating

Before the thermometers were calibrated in a temperature chamber, the
thermometer voltage required to produce less than 0.5% self-heating error under
still air conditions was determined to reduce self-heating effects to an
acceptable level.

To obtain this still air self-heating effect, measurements of thermometer
resistance were made over a range of power dissipation at constant air
temperatures and then, from the nominal rate of change of resistance with
temperature for the thermometer, the self-heating temperature errcr variation
can be plotted against the power dissipated. From this the power dissipation
equivalent to an error of 0.5% was obtained., After the thermometers had been
calibrated in the temperature chamber the actual rate of change of temperature
was compared with the nominal values, but no major differences were found, The
self-heating errors for the three thermometers (Fig.7) correspond to the
measured rates of change of resistance with temperature., The self-heating
effect is greatest for the thermistor thermometer with an error of 0,379/nW;
with the platinum thermometer it is 0.22°K/mW and the nickel wire thermometer,
0.,0969%K/m¥W. This sequence may be explained by the different surface areas of

- 10 -



the elements. At equilibrium conditions the approximate power dissipated by

the element (IQR)T (or rate of flow of heat) is given by (see Appendix 1):-
R

(IZR)TR = H(Tp-T) (1)

where H is the heat transfer rate given by H = H3, S = surface area of the
element, H = a heat transfer factor, and (TR-T ) is the self-heating

temperature rise., Thus for constant Tr:

dT
--—————---?R = ‘1"" = ¢ L] (2)
d(I'R)T HS
R

Therefore the larger the surface area of the element the smaller the effects of
self-heating, assuming a constant heat trensfer factor. In the present tests
the nickel wire thermometer had the largest surface area, the platinum next with
a slightly larger area than the thermistor. This agrees with the measured values
of heat transfer rate. Although the heat transfer rate is constant for a
reasonable range of temperature and is therefore the basic self-heating para-
meter, the self-heating is normally required in terms of the voltage across the
thermometer. Equation (3) then becomes:-

nop = v S, (3)

Hence, for a given voltage, the self-heating error is proportional to ¢/R. 1In
these terms the self-heating effect is greatest for the platinum thermometer.
Comparative values at room temperature 290%K) are:-

platinum thermometer 4.130K/V2
nickel wire thermometer O.98°K/V2

thermistor thermometer O.O}SOK/V2

2.3.2 Resistance versus temperature calibration

The thermometers were calibrated in a thermostatically controlled
temperature chamber with a range of 213°K (-60°C) to 333%K (+60°C). The air in
the chamber, dried to prevent icing, was circulated by a large fan and, to
prevent the formation of pockets of stationary air within the thermometers, air
was directed towards the entrances of the thermometers by a small auxiliasry fan.

-11 -
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An N,P.L, calibrated mercury-in-glass thermometer was used to measure the
temperature in the chamber; and the thermometer resistances were measured and
corrected for lead resistance. The results of these calibrations are shown in
Fig.8, where the experimentally determined points are compared with the
manufacturer's data. The best agreement is given by the platinum thermometer,
Fig.8(a). The results for the two nickel wire thermometers, Fig.8(b), do not
show such good agreement., Because of possible instability of the thermistors
this thermometer was calibrated several times during a period of two years.
Fig.8(c) shows the results of these calibrations; there is good agreement
between the different calibrations so a single line has been drawn through the
results. All previous experience with thermistors suggests the calibration as
plotted should be a straight line, however the present experimental results
define a slight curve. No manufacturer's data has been plotted in this ocase,
since a resistance tolerance of *20% is quoted for these thermistors. The lines
through the measured points have been used as the calibration in all cases.

The sensitivity of the three elements expressed as the percentage change
in resistance per %K is:

Sensitivity % change in R/%K
T =250% | T = 330%
Nickel wire 0.52 0.36
Thermistor ~5e25 -3.03
Platinum wire 0.43 0.32

2.,%3.3 Calibration of the aircraft systems

During the calibration of the aircraft system the resistance box was
connected into the circuit at the points normally occupied by the thermometer,
the connecting leads being kept short and the resistance corrected for them.

The final calibrations showing trace deflection with change in temperature
are shown in Fig,9 and a plot of recording sensitivity (inohes/QK) in Fig.10,
The sensitivity of the thermistor thermometer falls off rapidly at both ends of
the temperature range. This calibration could be made more linear by placing
an additional fixed resistor in parallel with the thermistors.

3 FLIGHT TESTS

The flight test programme is considered in two separate sections because
of the different techniques used above and below Mach one.

361 Subsonic

Some flights were made at subsonic speeds by the Fairey Delta 2 in the
altitude range from 30,000 ft to 40,000 £t to obtain values of the recovery

- 12 -



factor for the thermometers fitted to the aircraft using the conventional
technique, During the tests the airoraft was flown at constant height and a
series of speeds for about 20-25 seconds at each speed, to stabilize conditionms,
and a record taken. The altitude was held constant to reduce changes in static
temperature to a minimum, and the speed varied from 200 knots indicated airspeed
to that equivalent to a Mach number of unity. To reduce the effects of changes
in static temperature at constant altitude with time and distance the stabilized
levels were performed in random order of Mach number with each successive level
on & reciprocal heading. This produces a random scatter in the results.

3.2 Supersonic

Since the Fairey Delta 2 is not able to cruise at both constant speed and
height when supersonic, because of the limited thrust control available with
reheat on, all measurements have to be made during accelerations or decelera~
tions; thus the simpler steady techniques used in the subsonic tests camnot be
used, Continuous flight records were obtained from the Fairey Delta 2 as it
accelerated in level flight up to its maximum speed and then decelerated in a
turn at a nominally constant height, until the speed was subsonic. It would
have been preferable to decelerate in straight and level flight, but, owing to
the short endurance of the aircraft, a rapid return to base was essential. The
Comet was used to obtain independent measurements of the static air temperature
along the same track as the Fairey Delta 2 and at approximately the same time.
This time interval was kept as small as possible by arranging for the Fairey
Delta 2 to overtake the Comet during the supersonic acceleration. The Comet
was flown at a constant Mach number of 0,70 at constant height and obtained a
continuous record of air temperature along the track. Checks by an observer in
the Comet on two of the flights established that typical variations in altitude
and Mach number were *30 ft and *0.02 respectively during a period of five
minutes. The Fairey Delta 2 flights took place between 35,000 ft and 40,000 f%
and the maximum Mach number achieved was 1.82.

In addition two flights were made with the Comet to measure the recovery
factor of its nickel wire thermometer at the operating height and speed, using
the technique described in Section 3.1.

L THEORY -

L1 The temperature equation

This relates the indicated and the free stream static temperatures, as
follows,

- cx=1 .2
T, = T0<1+k 5 m) ()
where T = indicated temperature (absolute)
To = free stream static temperature (absolute)
k = recovery factor
v = ratio of gas specific heats
M = free stream Mach number.

-13 -
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Equation (4) is obtained by combining the definition of recovery factor;

T -T
r o

(5)

with the relation between total and static temperatures in adiabatic flow of a
perfect gas,

n, = T (1 b a2t M2> (6)

where Ti = free stream total temperature (absolute).

The recovery factor is a function of many variables, including air density,
static temperature, local flow direction relative to the thermometer, and
sensing chamber air velocity. Most thermometers try to reduce the variations in
recovery factor with varying flight conditions to a minimum,

The value of the recovery factor may also be influenced by the position
of the thermometer on the aircraft and, ideally, thermometers should be mounted
with their intakes outside the boundary layer, in an area unaffected by separated
flow or discharges from the aircraft (e.g. near fuel or cooling - air vents) and
where the local Mach number is equal to the free stream Mach number. Often, this
means they must be mounted on the nose of the aircraft.

At supersonic speeds the indicated temperature rise is obtained in two
stages, the rise through the shock wave at entry to the thermometer and the rise
corresponding to the recovery factor of the thermometer (i,e. the air entering
the thermometer is already at a higher static temperature than the free streanm
value, but at a subsonic Mach number).

Thus, at supersonic speeds, the recovery factor in equation (4) is a
combination of the separate recovery factors of the shock wave and the thermo-
meter, and, as the shock wave has a recovery factor of unity, an equation can
be derived giving the indicated temperature in terms of the same parameters as
equation (4%. Thus, for a normal shock wave at entry to the thermometer:

.
[, 3 y=1,2
To= T {2yMle (yo1)} qrl=t) 952} TN hra
r o Ul )2 12 1 (REI P €T

cee (7)

where k, = thermometer recovery factor for the conditions aft of the normal
shock wave,
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If the thermometer recovery factor is unity, then equation (7) reduces to
equation (4) with an overall recovery factor of unity. The relation between
the overall recovery factor, k, and the thermometer recovery factor, k1, can be

derived from equations (4) and (7) as:

(& - e EE ool *%MZ}Q (®

3 -
k1 M L;.l M}“’ {Y Mz-- :f_é..l)

for M > 1,0 .

At subsonic speeds k = k, (8a)

The variation of <§§%> with Mach number is shown in Fig.11, and the
1/M

variation of recovery factor, k, with lach number for constant values of thermo-

meter recovery factor, k1, is shown in Fig.12. In practice the overall recovery

factor is the basic parameter required for measuring air temperature.

In the past it has been common practice to use the thermometer recovery
factor, k1, as the basic parameter and to neglect variations of this, but in

view of the rather complex cquation involved at supersonic speeds, it is simpler
to use the overall recovery factor, k, ond accept a variation with speed. How-
ever it is not advisable to assume a constant value for the overall recovery
factor, k, unless it be unity, as large temperature errors may be introduced as
the speed increases. The temperature errors corresponding to an error of 0,05
in both the overall recovery factor, k, and the thermometer recovery factor, k1,

at a static temperature of 216°K are shown in Fig.13. The rapid increase in
the temperature errors for the error in overall recovery factor, k, at high
Mach numbers is a result of the large change in thermometer recovery factor that
the error represents, as shown in Fig.1:., In general, if the thermometer
recovery factor is reasonably constant and nearly equal to unity, it would be
better to assume an overall recovery factor of unity, for the errors would then
correspond to those for an error in thermometer recovery factor, k1, with &

maximum at a Mach number of unity (Fig.13).

It should be noted that the rapid increase in temperature error at high
Magh numbers corresponding to a constant overall recovery factor error does not
indicate a decrease of measuring accuracy at high speeds because the recovery
fector can be measured more precisely at the higher Mach numbers. The
temperature error should remain constant.

- 15 -



4.2 The transfer function

This is the equation used to correct for the effects of instrument lag
when the stagnation temperature varies with time, as in the supersonic tests.
The expression is based on the assumption that:-

dTR
53?‘“ (Tr TR)
or
ar
R _ 1 -

where TR = indicated temperature uncorrected for lag

T, = indicated temperature (steady state)
t = tinme
g = is a constant known as the time constant.

This assumption is only valid when there is no self-heating of the element and
when the element is cooled or hested by forced convection, i.e. without any

heat transfer by corduction or radiation. In practice there will be some self-
heating, but this is a function of temperature, not time, and does not affect
the dynamic response (Appendix 1). Rewriting equation (9) as a transfer funotion
gives:

+3 IFUH

1
= %+ed ° (10)

2]

Equation (9) can be used directly for correcting continuous flight records,
since TR is measured as a function of time and dTR/dt can ke determined by

numerical differentiation., However, if a prediction of the dynasic response
error is required then equation (95 must be solved to give TR as a function of

the input tempelature, Tr’ and time.

This solution is given in Appendix 1 as:-

-4 t t1
(TR—TR) . & /e [ (Tr._Tr)e /e at (11)

€
o] o)

where TR = Tr = the temperature at t = O.
o )



Using this solution the effects of various flight conditions on the
dynamic response error, (TR"Tr)’ can be calculated,

In practice the thermometer is connected to a recording system the dynamic
response of which must be considered. The recording systems used in the tests of
this report have a transfer function of the form:-

-1
1
utput <—-—2-D2 +§§D+1\ . (12)
e~ (2 )

Appendix 2 considers the response of a thermometer connected to such a recording
system. For a ramp input, - a typical flight condition, - the effective time
constant for the complete system, €', is given by:-

8' = e ""g']1 - (15>
W
n
Usually ZE/wn is small and the effect of the recording system can be
ignored.
In general any temperature changes in flight are continuous and can be
represented by a polynomial of the form:
- 2 3 n
Tr-Tro = a8, t+a,t *ag t7 ceecnceae a b (14)
and the response of a thermometer to this function is given in Appendix 1.
This shows that, if &, and all the differential coefficients, other than the
first, are small, the soluticn is given by:-
dTr
(Tp-Tp ) a (T,-1,) - e 5~ (15)
o )
or, as TR = Tr
0 0
dTr
1 - S - Sm— . 16
(lR Tr) = - €T3 (16)

From equation (9) an expression for dTr/dt can be obtained in terms of

basic flight parameters, such as Mach number, altitude, and static temperature.
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Er.._. x@hd,f.q 1+ =1 2
dt at at 2
const.

y=1 dk 2 m Sy au
+ 53 TOM[:MdM+2kM TodTi+2k rra (17)
dTr
Ir rr is required in terms of the thermometer recovery factor then, at
supersonic speeds, differentiating equation (8) w.r.t.M.
g <.§.1::__> ﬁ_(1_k)g_<gls_> : (18)
aM akﬁ y am 17 dM ak1 M

The first term in equation (17) contains the derivatives giving the rate
of change of static temperature, and the second all the derivatives associated

with thermometer performance and air conditions.

The relative importance of the various parts of the second term in
equation (17) can be shown by considering a typical thermometer with a constant
recovery factor of 0.95 travelling at Mach numbers of 1,0 and 2.0 with a static
air temperature of 220K,

4_ /ak &y op-1 gk 2 &
L T <ak1)M k ar, =~ Wamw | &M T T, 2k
1 L
1.0 3,33 0.95 | 5 x 1072 | -0.165 0.021 1.90
2.0 0.15 0.993 | 5x 107 | -0.015 0.087 1.99

The largest part, under these conditions, is the 2k term. A reasonable
approximation to de/dt can be obtained if k is assumed to be unity and dy/ﬁTi

is negleoted. Neglecting the change of statio temperature with time at constant
altitude equation (17) can be rewritten:-

4aT

N 11 x=1 2 au
at ~—7\'dt<1+ D) M>+(Y‘1)T0Mdt o (19)

This is the equation that is generally used for predicting rates of change
of indicated temperature, and the dynamic response error of a thermometer,
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5 ANALYSTS AND DISCUSSION OF RESULTS

5.1 Measuring accuracy

The estimated accuracies of the basic measurements, based on calibration
and reading accuracies are as follows:

2
Dynemic pressure, q_ 1 1b/ft
Static pressure, p +1 1b/ft2
Corrected altitude, h +50 £t (changes), *200 £t (absolute)
Corrected Mach number, M +0,004 (changes), *0.01 (absolute)
Indicated temperature, T, 0.5
Comet static temperature, T, #1,0%

Ni

Temperature lapse rate, A +0.2%K/1000 ft.

The dynamic pressure, Ay is that behind a normal shock at supersonic

speeds, and the free stream value at subsonic speeds. The errors in altitude and
Mach number are somewhat uncertain in the Mach number range 0.98 to 1.04, due to
the large variation of the static pressure error at transonic speeds, and there
may also be larger errors when the rate of descent is high (i.e. greater than
150 ft/sec), as no correction has been applied for lag in the static pressure
system, For the thermistor thermometer, the error in indicated temperature of
+0.5% only applies over the temperature range 245-320°K, Outside this range
the error for this thermometer rises rapidly to *1.5%K at 220% and 360°K.

5.2 Time oonstants

The effeotive time constant of a thermometer, e', can be obtained from
flight tests by considering the difference in indicated temperature between two
points with different rates of change of indicated temperature with time. These
points were usually chosen as nearly equal Mach numbers on the acceleration and
deceleration to give the largest difference between rates of change of tempera-
ture and the smallest change in temperature due to ochanges in flight conditions.
Using the symbol A to indicate differences between the first and second points,
the time constant is obtained from equations (h) and (9) as:

y=1 .2\ _
AT°<1+k 5 M> AT,

e' = (20)
T
s (&)

where the Mach number at both points is the same,
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In general, the value of k will not be known exactly, although it will be
close to unity, but if the ATo term is small compared with ATR the approximation

k = 1,0 can be used., This assumption has been used to analyse the tests of this

TN
report, using only those pairs of points where ATO < 1% and where %; EEE) was

/
/

small, From an original selection of 33 pairs only 12 remained after applying
these restrictions. The value of ATO was calculated from the change of altitude

between the two points using the temperature lapse rate determined from
meteorological measurements, No data were available to correct for changes of
static temperature at constant altitude with time and distance. The results
of the tests are given in Table 1.

Since, to a first approximation

dTR dTr
T (see Appendix 1)

the same 12 points have been analysed using equation (19) which gives:-

o (@) - o @) (D) s @) e L e

\@t \qt
The results for this indirect analysis are given in Table 2.
The possible error in e', using the accuracies of 5.1 is of the order
+50%, so, although there is a slight apparent variation with Mach number, this
probably has little significance. Therefore, the mean value of &' for each

thermometer has been determined and then corrected to the true thermometer time
constant, €, using equation (13) i.e.

e!' = $+'gE . (13)

The results are:*

*No flight results have been obtained from the nickel thermometer on the
Fairey Delta 2, because of an intermittent fault in the associated circuit,
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Thermome ter Thermistor | Platinum
Direct Mean e', sec 1.16 1.50
Method Standard deviation, sec 0.42 0.45
Indirect | Mean &' sec 1.17 1.48
Method Standerd deviation, sec 0.49 0.38
2F/wn,seo 0.0028 0.035
Thermometer time constant, e, sec 1.2 1.5

The effective time constants of the recording systems, ZE/wn, are negligible

compared with the thermometer time constants, e.

The olose agreement between the mean values of &' determined by the direct
and indirect methods may be fortuitous because there are quite large differences
between corresponding values of dTR/dt and dTr/dt. However, the standard

deviations also remain fairly constant for both metheds so that it would appear
that both methods give similar accuracy. The main cause of the large scatter

indicated by the large standard deviation is the small difference in TR measured

because of the low rates of change of temperature attainable and the small
values of the time constants. However, for small values of time constant,
errors are less significant, because the difference between the indicated and
true temperature is also small, The ebsolute error in temperature is related

to the percentage error in the effective time constant, &' by:-

aT
_ R ' 8¢'
G(TR-Tr) = -3 & o . (25)

R

Thus for a given allowable error in (T -Tr) and a given value of dTR/dt, the
corresponding percentage error in &' is inversely proportional to e,

The major contribution to the temperature changes comes from the change
in Mach number, and the effects of rates of climb are generally small, but may
occasionally become more noticeable when the Mach number is high, since this

inoreases the <} »xzt M2> term, and the flight path angle for high rates of

climb is small (e.g. when flying at M = 1,5, when the speed of sound is

1000 ft/sec, then (} + x€?1 M2> = 1,45, and the flight path angle for a climb

of 250 ft/sec (15,000 ft/min) is only 9.6°.)
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In these tests it was difficult to find points on the acceleration and
deceleration where the Mach number and height were both the same, and, as the
majority of the flights were below the tropopause, any change in height was a
major contributor to the difference in indicated temperature. Maintaining
constant height with the Fairey Delta 2 is particularly difficult as the pilot
has no vertical speed indicator, and was made more difficult by his having to
pass the Comet within a small height band,

The value of & = 1,2 sec obtained for the thermistor thermometer is a
considerable improvement over the 10 sec for the almost identical nickel wire
thermoneter quoted in some unpublished flight tests by A.& A.E.E., but is still
rather large for use on a high performance aircraft.

The platinum thermometer & of 1.5 sec is considerably larger than the value
of 0.013 sec obtained in laboratory tests. In Appendix 1 the value of e for the
element alone is shown to be m/H. The value of m for this thermometer is
0.5 mW sec/%K, and H is related to the self-heating error by equation (1)

2
. (1)
viz TR--Tr = 5 TR (3)

where (TR-Tr) is the steady state self-heating errcr.

Using the above analysis, the values of self-heating and time constant
obtained in the laboratory are consistent with a value of m = 0.5 mW sec/%K.
However, if the measured value of the time constant is used, the calculated
self-heating error of BOK/mW, is far greater than the still air value of O.ZZQKAm%
and this is unlikely,

There are two possible explanations for the difference between the time
constant as measured in flight and in the laboratory:

(a) The accuracy of the flight test results is insufficient for measuring
small time constants.

(b) The laboratory tests for measuring time constants were not fully
representative of flight conditions,

Despite the large possible error of *50/%, and the standard deviation of
O.45 sec, the first explanation is unlikely, because the laboratory value is
still outside the range of probable values, and the probability of the laboratory
value being correct for flight is small.

It appears more likely that the laboratory tests were not fully
representative and, as the method used is typical of those generally employed
to measure the time constants of air thermometers, a critical appraisal of the
technique is required., This is included in Appendix 3, and it is concluded that
the laboratory method may be unrepresentative for two reasons:
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The method studies the response to & step input, and this is not
representative of the continuous changes experienced in flight; it introduces
the complication of transient aerocdynamic and heat transfer conditions.

The step input is not applied to the complete thermometer environment,
but only to the air entering the thermometer, and ooccasionally to the sensing
element alone by varying the electrical power dissipation. Therefore, the
input is not a complete step function.

Under these conditions it is possible that the effects of the time constant
of the inner radiation shield may not be adequately represented. This is also
considered in Appendix 3.

It would appear that the only fully representative test method is to
measure the time constant in flight, unless a suitable variable stagnation
temperature wind tunnel can be constructed., Further laboratory and flight
tests would be required to substantiate this statement, possibly by studying
the effects of varying the time constant of the inner radiation shield on the
difference between flight and laboratory results.

5.3 Recovery factors

5.3.1 Analysis and results of tests at subsonic speeds

The measurements of indicated temperature obtained from the thermometers
on the Fairey Delta 2 during 8 flights at subsonic speeds are plotted against
(Mach numbefg in Fig.15. These tests at subsonic speeds were performed as a
series of stabilized level runs as described in Section 3.1, and the indicated
temperatures have been corrected for altitude changes using the temperature
lapse rate from Meteorological office measurements and assuming a recovery
factor of unity.

The usual method of analysing the results of tests of this type assumes
that the recovery factor, k, and static temperature, To’ are congtant during

each flight at constant altitude. If these assumptions are valid, then, from
equation (1), if the indicated temperature is plotted against (Mach number )2,
es in Fig.15, the points should all be on a straight line passing through To

at M2 = O and with a slope equal to xiil k TO. The measurements of Fig.15 have

been analysed on this basis using the method of least squares and the results
obtained for recovery factors, k, static temperatures, To’ and the standard

deviations of indicated temperature, S.D., are summarized as follows:-
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Thermometer
Thermistor Platinum Met
t
Pit.No. | ALEItMe L e % 15 p % | ko % |5.0.% |7 %K
(£t) o o 0
3L 30,000 ] 0.823 | 230.1 0.84 | 1.001 ] 222,6 0.3, 22143
35 30,000 00853 228:8 0-81+ 00967 22298 00826" 22003
29 35,000 | 0.7491225.1 | 0.75 | 0.896| 218,3 | 1.05 |216.3
33 35,000 | 0.824{222.9| 0,86 | 1,071 213,6 | 0.62 ;211.3
22 39,000 0.749 | 221,01 0.63 1,030 1 210,6 0,13 206,1
27 LO,000 | 0.708 1 221.5 0.6 0.993 | 240.7 | 0.75 207.3
39 45,000 1,085 1 221.7 0,92 1,191 | 217.7 1,07 218.3
|

The results for Flt.39 are not consistent with the remainder, probably
because 2 out of the 6 points are considerably lower than the other L points.
The results for this flight are not used in the subsecuent analysis.

The large difference between the values of TO obteined by extranslating

the results for the two thermometers on the same flight is completely unexpcoted
and unlikely to be a true condition. The dif'ference, which varies between 6°
and 10.8° with a mean of 7.9°, is larger than the expecrimental error of
approximately #1.0° and indicates that the assumption of constant k is not
valid for one, or both, of the thermometers.

If k varies it can only be calculated if the static temperature, To, is

tnown, and the only available independent measurement of temperature was the
Meteorological of'fice data which cannot be expected to have an accuracy betfer
than *3%K because of the interpolation in time and distance required to obtain
the local temperature. The static temperature deduced from the platinum
thermometer gives the best agrecment with the Meteorological office data, but is
consistently about 3% higher. This same order of difference was also noted in
the results frow the nickel thermometer on the Comet and is similar to results
obtained by Meteorological Research Flight, R.A.B., Farrborough using yet another
type of aircraft mounted thermometer. It has been suggested that the radiosonde
results from which the Meteorological office dataare obtained are being over-
corrected for radiation errors and thus giving tempcraturcs lower than aubient,

Because the platinum thermometer gives the best agreement with the
leteorological office data and its recovery factor is compatible with the super~
scnic resul?s, the subsonic results have been analysed using the platinum thermo-
meter T, (i.e., assuming constant X for the platinum thermometer) Fig.15(a),

The effects of assuming either the thermistor thermometer TO or an intermediate

value are shown in Fig.16(b), However, it is shown in Section 5.3.3 that these
alternatives are incompatible with the supersonic results.

o
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The large difference between the predicted valucs of static tcmperature
for the two thermometers emphasises the importance of reliable independent
measurements of static temperature, rather than relying on the ‘'straight line’
method of analysis when testing any new design of thermometer. It should be
noted that, with this method, the standard deviations for both thermometers are
similar and compare well with the expected experimental accuracy, therefore the
results for either thermometer tcsted alone would be quite acceptable, although

one, or both, must be predicting an incorrcct static temperature with an crror
of at least LOK.

In the absence of any independent measurement of static temperature the
nickel wire thermometer fitted to the Comet aircraft was calibrated using the
same technique, however, as the To derived from this thermomcter was only used

to provide an independent value to analyse mcasurements at supersonic speeds,
the effects of an error in measuring the recovery factor of the Comet thermo-
meter are not very large. e.g. an error of 5o in the rccovery factor for the
Comet thermometer gives errors in apparent recovery factor for the Fairey
Delts 2 thermometers of 2.7% and 1.55 at Mach numbers of 1.0 and 1.5
respectively, These errors are well within the expcrimental accuracy governed
by other limitations.

The results of the calibration of the nickel wire thermomcter fitted to
the Comet are shown in Fig,17 and indicatc a recovery factor of unity™,

5.%3.2 Analysis and results of tests at supersonic spceds

Seven flights were performed at supersonioc speeds using the technique
described in Section 3.2, and the variation of the quantities measured during a
typical flight (F1t, No.38) is shown in Fig.18. As the speed was continuously
changing during all the flights, the indicated tempcratures must be corrected
for the effects of the dynamic response of the measuring system. This corrcotion
has been evaluated for Flts.37 and 33 and the results for F1t.30 are shown in
Fig.19(a), and, apart from the deccleration (i.e. after 220 sec), the average
correction is less than 3°K, which can be neglected.

As the conditions during the deceleration are varying far more rapidly
than during the acceleration and the corrections are difficult to apply, the
analysis has been restricted to the acceleration phase only for flights other
than 37 and 38. TFlts.37 and 38 were the only two flights where the tests took
place above the tropopause and the general rates of change of temperature varied
more steadily than on the other five flights, probably due to the reduced cffeet
of altitude changes on the static temperaturc, Therefore, the dynamic response

correcction has been applicd to these two flights and both the acceleration and
deccleration phases analysed,

The variation of static temperaturc along the track of the Faircy Delta 2
during the test runs is derived from the total temperature measured by the
nickel wire thermometer fitted to the Comet using the measured recovery Tactor
of unity. Unfortunately the Comet speed and altitude could only be recorded at
the moment when the Fairey Delta 2 passcd, although the tcmperature was recorded
continuously. In view of this the derived static temperature at the noment of
pessing has been uscd as the basic mcasurement and the variation along the

*Independent tests at A% ARE confirm that the recovery factor should te within 5.
of unity, and thus the error in T should not exceed 1°K.
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Fairey Delta 2 track has been obtained using the altitude differcnce from the
point of passing and the forecast temperature lapse rate. The comtinuous
temperature record obtained from the Comet has been analysed using the Mach
number at the moment of passing, and, as the typical variations in altitude and
Mach number of 30 £t and *0.02 only result in errors of approximately *1°K in
the static temperature, the results have been used to give an indication of any
large scale variations of static temperature with time and distance at constant
altitude. Apart from the beginning of some flights the variations of static
temperature are less than *1%K, therefore, no large variations in static
temperature are apparent. The variations at the beginning of some flights are
probably caused by starting the recording before the speed and altitude of the
Comet had been stabilized. The Comet static temperature results for two flights
(F1ts.28 and 38) are shown in Fig,20. The results for Flt.28 are typical of the
initial variation obtain during the stabilizing period.

As independent values of static temperature are available for these flights
at supersonic speeds the recovery factors, k, can be calculated directly. The
results for the platinum and thermistor thermometers are shown in Figs.21 and
22 respectively,

5.3.3 Discussion of recovery factor results

It is estimated from the accuracies stated in 5.1 that the accuracy of the
recovery factor results is within the following limits:

Mach number 0.7 1.0 1.5
Recovery factor accuracy  +0,07 ¥0.05 *0.03

The effects of errors of this magnitude can be estimated from Fig.23,
which shows the crror in k or k1 corresponding to a 1% error in TO. A systematioc

error of less than a third of the above magnitude, and in the negative direction,
may exist for those flights at supersonic speeds where no dynamic response
correction is applied,

As the results from the tests at supersonic speeds are the only ones
analysed using independent values of static temperature, these will be
congsidered first. A general comparison of the results for the two thermometers
on the same flight (Figs.21, 22) shows that many of the disturbances are common
to both thermometers - e.g. the hump at ¥2 = 3,05 on F1t.28. These disturbances
are almost certainly caused by errors in the static temperature used in the
analysis, or by high rates of change of temperature for which no correction is
applied. The hump in F1t.28 is equivalent to 2 or 3% error in static tempera-
ture. If some allowance is made for these common deviationg, the general trend
in the variation of recovery factor, k, with (Mach number)-, Pigs.21, 22 shows
that the platinum thermometer recovery factor is virtually constant at a mean
value of unity, whereas that of the thermistor thermometer increases slightly,
but significantly, from unity at M2 = 1.0 to 1,05 (k, = 1.26) at M = 3.0, The

error in stagnation temperature, if it was assumed that the thermistor thermometer
recovery factor is unity, would be rather large, approximately 6% at M2 = 3.0,
as may be deduced from Figs.13 and 19(c).
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The rise in the thermistor thermometer recovery factor to values
significantly greater than unity is difficult to understand. There are two
pcssible causes of such results:

Calibration errors.
Aerodynamic peculiarities.

The first suggestion is unlikely to be correct, because the calibration (Fig.8(b))
is well established, and also the required error in the calibration to give a
recovery factor of unity, or less, would increase the non-lincarity of the
calibration; whereas previous experience with thermistors suggests that the
calibration should be a straight line. The overall scatter in the graphs of the
difference in indicated temperature between the thermistor and platinum thermo~
meters versus the platinum thermometer indicated temperature (Figs.24{a), 25)

is nearly 3 times the experimental error and this is far more than would be
expected if a calibration error was responsible, Therefore, an aerodynamic

cause appears more likely.

The recovery factor can be greater than unity if the conditions of uniform
adiabatic flow are not satigfied; caused, for example, by the presence of heat
addition, or uneven distribution of total temperature due to turbulence or
vortex-type flow. As the thermometer is shielded and insulated from radiation
and conduction effects, the main source of energy is the electrical power
dissipated in the sensing element., This, however, is less than 0.75 mW per
thermistor and, despite the small surface area, is unlikely to produce any
significant temperature rise, as the still air self-heating error for this
power dissipation is only 0.5%, Fig.7(b).

It,therefore, appears most likely that the rise in recovery faster is
caused by the presence of non-uniform flow either in the sensing element chamber
or external to the thermometer. This suggestion appears very relevant, beeause
the small size of the thermistors -~ approximately 0.015 inches - makes them very
gensitive to variations of total temperature in the air sample. The characteris-
tics of such a flow are probably controlled mainly by Mach number, Reynolds number
and temperature.

Because the platinum thermometer recovery factor is approximately unity
and the time constants of both thermometers are similar, any graph cf the
difference in indicated temperature betwcen the two thermometers can be regarded
as showing the difference between the thermistor thermometer indicated tempera-
ture and the stagnation temperature. Graphs of this difference are plotted
against the platinum thermometer indicated temperature (= stagnation temperature)
and (Mach number)? in Figs.2L, 25, 26, It is not possible to decide which of the
two parameters, temperature or Mach number, is most significant, because tctal
temperature is a funotion of both static temperature and Mach number, and the
range of static temperature covered was small.

The results of the subsonic tests, Fig.2L, assume a subsonic platinum
thermometer recovery factor of unity, and this is compatible with the super-
gonic results, Other assumptions f'or analysing the subsonic results,
(Fig.16(b)), give a discontinuity between the subsonic and supersonic
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recovery factors for both thermometers. And, as there is an overlap of sub-
sonic and supersonic results without any evidence of such a discontinuity, the
use of the other assumptions about To oannot be Jjustified.

The increase of the difference in temperature at both ends of the Mach
number range suggests that the results might be ocondensed by considering the
effects of the Mach number at the entrance to the thermometer (i.e. the Mach
number downstream of a normal shock for the supersonic case). The variation
of the Maoh number downstream of a normal shock with free stream Mach number
is given by Fig.27, and the variation of the temperature difference with entry
Mach number is shown in Fig.28, The general increase in temperature difference
occurs at about the same entry Mach number but the scatter increases as the Mach
number decreases from unity. This would be so if there was also a dependence on
Reynolds number, so a check has been made by plotting all the points at M = 0.7
+0.01 against entry Reynolds number (Fig.29). There appears to be a tendency
to vary with Reynolds number, but the scatter is still large. It would seenm
that the difference in indicated temperature between the thermistor and platinum
thermometers may well be due to aerodynamic peouliarities depending on
temperature, Mach number and Reynolds number., Any aerodynamic effects may be
encouraged or caused by the wake from the whip aerial mounted approximately
15 inches in front of the thermistor thermometer (Fig.S). Unfortunately this
thermometer oould not be tested in any other position, because its mounting was
not interchangeable with the similar nickel wire thermometer,

5.4+ Discugssion of flight test technigue

Because the flight tests had to be completed by a given date (see para 1)
there was insufficient time available to develop the technique. However,
several suggestions can be made about the requirements for any future flight
programme to investigate the behaviour of impact thermometers at high subsonic
and supersonic speeds.

The first essential is an accurate knowledge of the static temperature
and lapse rate in the air space used for the tests. The most reliable way of
achieving this is to fly an asircraft, fitted with a thermometer of known
characteristics, at constant speed and altitude through the air space immediately
before the test run., This aircraft and thermometer should be thoroughly
calibrated, if* possible using static temperature measurements such as measure-
ments from a static balloon - low altitude, or meteorolegical radiosonde balloon
measurements - high altitude. The speed and altitude must be kept constant to
minimize the changes in indicated temperature, and hence the dynamic response
error, Also, the speed should be low to reduce the errors in static temperature
caused by any errors in the assumed recovery factor. This aircraft can be used
to find the lapse rate by recording a constant Mach number c¢limb through the
airspace. To avoid large variations of static temperature, flights should not
be made in regions with unsteady meteorological conditions (e.ge fromts, clouds,
jetstreams, regions of clear air turbulence, etc.). The above conditions are
restrictive but the accuracy of the static temperature measurements is the main
faotor dominating the final accuracy of the analysis.

‘ The aireraft with the test thermometer should be flown through ths same
air gpace as the datum airocraft, along the same track, at the same altitude,
and should fly past the datum aircraft at close range.
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For determining time constants the maximum possible acceleration and
deceleration should be used, and the height kept constant to reduce the change
in static temperature along the flight path.

For recovery factor measurements the speed and height should both be
constant to minimize the dynamic response correction.

Other test requirements are accurate pressure error corrections for the
pitot-static systems of both the test and datum aircraft, and careful calibra-
tion of the complete temperature measuring systems on these aircraft. The
effects of sensing element self-heating should also be measured in flight.

The flight tests described in this report fall short, in some respects,
of the ideal procedure. The most important limitations are:-

(a) The static temperature was only measured at one point.
(b) The lapse rate was deduced from metecrological data.

(c) The recovery factors at supersonic speeds were determined from
measurements under non-stabilized conditions,

(d) Self-heating effects were not measured in flight.
6 CONCLUSIONS

The report covers laboratory and flight tests on three impact air thermo-
meters and presents associated theoretical work. The results lead to the
follcwing conclusions,

It is desirable to have a time constant less than 0,2 sec if the temperature
error is not to exceed 1,00K under most flight conditicns.

The platinum thermometer time constant of 1.5 sec is much larger than the
value of 0.013 sec obtained in laboratory tests, and it is concluded that
present laboratory tests, particularly the step input metlhod, may be unrcpresen-
tative of flight conditions, and only tests in flight or a variable stagnation
temperature wind tunnel are adequate. The accuracy of the recovery factor
results obtained is considered sufficient to enable the static temperature to
be obtained to within #1.5%. In the section on theory the use of the overall
recovery factor is advocated for supersonic speeds, rather than the thermometer
recovery factor, as using the overall value removes the necessity to consider
the effects of the normal shock wave formed at the entrance to the thermometer,
The use of the straight line method of analysis, using plots of indicated
temperature versus (Mach number)?, to obtain recovery factors at subsonic spesds
is not recommended for tests on any new design of thermometer, because the
basic assumption involved, that the recovery factor does not vary with Mach
number, is not necegsarily valid.

The unusual behaviour of the thermistor thermometer, with recovery factors
greater than unity, is probably caused by an aerodynamic disturbance preducing
non-uniform flow, and possibly vortices, in the sensing element chamber. The
small size of the thermistors makes them very sensitive tc such effects. The
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difference in indicated temperature between the thermistor and platinum thermo-
meters (platinum thermometer temperature -~ stagnation temperature), which is a
measure of the flow non-uniformity, appears to be mainly dependent on the
thermometer entry Mach number, with some variation with indicated temperature
and Reynolds number. The aerodynamic disturbance may well be caused or
enhanced by the whip aerial 15 inches forward of the thermistor thermometer.

It is conocluded that the most vital measurement required for all flight
tests to investigate the behaviour of air thermometers is an independent value
of the static air temperature. More than half of the *1.50K uncertainty in
obtaining static temperature from the measured recovery factors is due to the
errors in the independent measurements of static temperature. The use of an
adequately calibrated thermometer mounted on a datum-aircraft, and the use of
the fly-past, or a formation technique is recommended for all future tests on
air thermometers.
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SYMBOLS
&y » coefficients in the temperature polynomial
b ,Q.'n 2 3 n
ATr = 8y t4-32 t +-a3 7 e a t
D differential operator, d/dt
F damping ratio of the recording system
H surface heat transfer rate of the sensing element watts/oK
H surface heat transfer factor of the sensing element watts/cm2 OK
h pressure altitude, £t
I current through the sensing element, amps
J gradient of the ramp function, ATr = jt
Tt-T
k recovery factor, k = 7= To
i 7o
Xy thermometer recovery factor, related to k by equations (8) and (8a)
M Mach number
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SYMBOLS (Contd.)
Mach number downstream of a normal shock
thermal capacity of the sensing element, watts-sec/oK

time constants of the recording system, sec

a constant in the step function equation
the Laplace operator
thermometer resistance, ohms

. 2
surface area of the sensing element, cm

. o

free stream stagnation temperature, K
. o

static temperature, K

s s o}

indicated temperature, K

. . c
temperature of air surrounding the element, K
. \ . o,
stagnation temperature at the centre of the measuring chamber, K
(Appendix 3)
time

0<t, <t (Appendix 1)

constant (Appendix 3)
voltage across the sensing element, volts
>

sensing element volume, com

recording system undamped natural frequency, radians/sec

ratio of the specific heats of air, ¥y = 1.40

thermometer time constant, sec

effective time constant of the complete temperature measuring system,
temperature lapse rate, CK/1000 £t

specific heat per unit volume watts—sec/%K om

still air self-heating constant, CK/mW
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SYMBOLS (Contd.)

Suffices
Th thermistor thermometer
Pl platinum thermometer
Ni nickel wire thermometer
Met meteorological office data
I inner radistion shield (Appendix 3)
REFERENCES
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APPENDTX 1

THE DYNAMIC RESPONSE OF SYSTEMS WITH THE TRANSFER FUNCTION

(1+¢D)”' (FIRST ORDER SYSTEMS) WITH PARTICULAR
REFERENCE TO IMPACT THERMOMETERS

A first order system is one where the rate of change of output signal with
time is proportional to the difference between input and output signals. The
heat exchange equation for a thermometer sensing element, when all the heat
transfer at its surface takes place under forced oconvection, with no conduction
or radiation, is:

dT

H(T_-T,) + (IZR)TR = n (26)
where H = heat transfer rate in watts/degree
(IZR)TR = electrical power dissipated at temperature T, in watts
m = thermal ocapacity of the element in watts-sec/degree.

The electrical power dissipated introduces a self-heating error, which
under stabilized conditions is given by:

(TR)y

S T (3)

Usually the electrical power dissipated is a function of TR only and it
can be assumed that the power changes instantaneously with any change in TR.

Hence (IZR)T is not time dependent and the element temperature at any instant
R

may be obtained by finding the value of T, without any power dissipation and

R
adding the effect of self-heating to this value., Thus in determining the
dynamic response of the system the effects of self-heating may be neglected and
the heat exchange equation becomes:

ar

R
H(Tr-TR) = m3 (27)

or, written as a transfer function



Appendix 1

Tr 1

T = {red) (2)
where ¢ = n/H
and D = 4/dt, the differential operator.

The units of ¢ are time, and it is known as the time constant of the
systen.

Using the Laplace transform technique, the response of the system to any
input function can be determined as follows:

Defining the Laplace transform of x(t) as

o0

ip) = / x(t) e P¥ gt

[¢)

then the transform of the transfer function is

TR(P) ; 1+1 (28)
T (p) R

provided that TR = Tr = 0 at t+ = 0. Thus in all the following,the difference

between the present and initial temperature is considered. Since the Laplace
transform of a unit impulse is unity, the transform of the response to a unit
impulse is:

T(p) = T —1— (29)

3

Solving equation (29) gives the response to a unit impulse

-t
1 /e
AT, = e . (30)

Equation (29) can now be substituted in Duhamel's integral and the response

to any input function obtained.

-BL‘__
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Appendix 1

Duhamel's integral states that
t
ar, = [ AT, A(t-t1) at, (31)
o]

where t is any given time and O < t1 gt

and A(t) is the response to a unit impulse.

Hence from equations (30) and (31), the response to any input function,
AT , is
r

t

-t/e t,/c
e 1
AT, = f AT e at, (32)

0o

= - T = -1 = = = 1 .
where ATR = TR Tro and Alr Tr fro, and at t = O, TR Tr fro

This may now be used to find the response of the system to three typical
input functions:

1 Step input This function is frequently used for laboratory tests to
determine the time oonstant and gives the familiar exponential response associated
with first order systems.

2 Ramp input This a simple approximation to the flight conditions and
illustrates the effects of the initial exponential response end the final steady
lag condition,

3 Polynomial input A1l flight conditions are continuously changing and can
be represented by a polyncmial, The response indicates the effects of the basic
assumptions that the time constant is small and all differential coefficients,
other than the first, are negligidle.

1 Step input

A step input can be represented by
ar_ = a7(1- 6™ t/e) (33)

as N =» oo,

—5.‘5-



Appendix 1
Substituting for ATk in equation (32), and integrating:

- ) _(N=1)t
AT, = AT (1-e,='J°/")--I‘fI_t<s (1—e & ﬂ . (34)

R
Thus for N -» oo

aT, > BT(1 - ey

Therefore the response to a step input is:

AT, = AT(1-e-t/e) . (35)

Equation (35) forms the basis of the usual methods for determining the value of
€, since when t = ¢

1
AT, = AT< -—e-> = 0,632 AT (36)
and also
T
R AT
Fre = = . (37)
Gt >t=0 €

In practice the time for AER to reach 0,632 AT is used, as the initial slope is

more sensitive to imperfections in the step input.

2 Remp input

AT, = 3t (38)

where j is a constant.

Substituting in equation (32) and integrating:

AT, = AT - je(1-e-t/s) . (39)

It is desirable to have (1= e_t/s) > 0,99, or t/e > h.b,

_36..
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Then, for large t/e

AT, = AT - . (40)
3 Polynomial input
_ 2 3 n
AT, = a, t+a, t +a.3t vee a0 (¥1)

Most continuous inputs may be represented by a polynomial of this form,
Substituting in equation (32) and integrating:

AT

_ e't/e {1! a, €-2! 8, ez+3'. 85 & uee (--1)““x n! a, en}

+0T_ {1-¢ pee? DPae D0 .. (-1)2 DY (42)
Again considering large values of t/e, we have:

AT, = AT {1-& D+ 2022 D0 ... (-1)P D7)

Thus, if e is small, and all differentials higher than D are small, the equation
becomes:

ar

ATR = ATr—e# . (hz)

Therefore, if the above conditions are satisfied, from equation (2)

-37_






APPENDIX 2

THE EFFECTS OF A RECORDING SYSTEM WITH THE TRANSFER FUNCTION

-1
<} + %E D+ JE'D2> ON THE RESPONSE OF A FIRST ORDER SYSTEM
n w
n

—

The overall transfer function for a first order system in series with a
second order system is given by the product of their individual transfer
functions:

T

1 1 (
= - L)
T (1+¢ D)
r <} + 2F D+ 1 D2>
w 2
n w

n

where F is the damping ratioc of the recording system

w is the undamped natural frequency of the recording gystem.

Using the Laplace transform method of Appendix 1 the response to any input
function is given by

2 %
(w_ &) ~t/€
AT = 4 e ar % at, - L
: 2 2\ | ° d T o JFP -1
<}-2 £ Wn F+e wn> o} n

[ 5 -m1t kK m1t1
i(1-.9\»: F+ew ,F-1>e [AT e dt, ~
n n r

£
— emt mt
<1-aw F-ew ,JF2-1>e 2 [ ar 02! at)
n n r
o

ces (45)
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Appendix 2

Considering only the response to a polynomial input, and meking the same

assumptions as in Appendix 1 (i.e. t = oo, g, 1 ’ 1 all small, and differential
m m

1 2
coefficients other than the first are negligible)the solution is

AT —AT-a+-2-EE’£r- (46)
R~ r w_/ dt
1
and the effeotive time constant ¢ is given by:
8' = 6+%E . (h‘?)
n

As the damping of recording systems is usually about 0.7 and rarely greater
than 2.0, the major factor contributing to the increase in time constant is the
undamped natural frequency as would be expected.
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APPENDIX 3

THERMOMETER TIME CONSTANTS AND THEIR MEASUREMENT

In Appendix 1 the time constant of a thermometer element was given by:

. (18)

™
i
taof |=]
13
T
B e

This equation also applies to any other portion of the thermometer, such
as the radiation shields and the former on which the sensing element is wound.
If the inner radiation shield is considered using suffix I, then

13 = lI"" (49)
I f s
71

and during any change in free stream stagnation temperature the temperature of
the radiation shield will lag behind the true temperature. This will set up a
temperature gradient in the elecment chamber, and in general the element will be
in a region where the stagnation temperaturc is not the same as the free stream
stagnation temperature. The ambient element temperature, Tr’ can then be given

as:
- '-w '-.
T, = T U(Tr TI> (50)

where 'U' is a constant and T! is the stoegnation temperature at the centre of

the measuring chamber., The value of 'U' increases to unity as thc element
approaches the radiation shield.

Using the methods of Appendix 1 the total response of the thermometer to
a ramp input can be found

. - LIS
viz. T, = Tr je+U SI) (51)

and for a step input

L=
i

7! (1 -U e-t/81> (1-e"¥5) | (52)

From the above equations it can be seen that the time constant of the
radiation shield could have quite an appreciable effect on the overall effective
time constant.

- 4O -



Appendix 3

If the specific heat per unit_volume of the element and shield are o and

o respectively, and their volumes V and V_,

I I
then
£ o = V
r _ L H L S
= = = = =2, (53)
HI v I

If the element is an open wire of diameter 'd' and the shield 1s a thin cylinder
of thickness, Ad, then equation (53) becomes

£ o =
1 .1 B 28 (51)
€ o} i d
I
°t =&
In general 5= = ~ 1.0 and Ad will be larger than 4 for structural
H
I

stiffness, unless d is abnormally large.

Therefore &1 will normally be much larger than the element time constant

e and the overall effect depends very much on the value of 'U'.

If the effect of the element former is congidered then similar equations
apply and the value of U will be unity where the wire is touching the former.
Thus the overall value of U will be proportional to the fraction of the total
sensing element length touching the former, The time constant of the former
is not so easy to obtain as it is usually made of a material with high electrical
resistivity and thus low heat conductivity. This low conductivity produces
steep temperature gradients and under these conditions the time constant will
probably be less than that given by the ratio of the thermal mass to the heat
transfer rate, In general the presence of the former will increase the time
constant of the thermometer.

From consideration of the above effects it can be seen that it is
important to maintain thc same relative temperatures throughout the thermometer
during any time constant measurements as those present in flight, as any local
heating or cooling may have a considerable effect on the time constant.

A common laboratory method for measuring time constants is to mount the
thermometer in a wind tunnel with a flow of hot air from a pipe near the
thermometer entrance., Conditions are stabilized and then a step function is
applied by suddenly stopping the hot air supply. The time constant is
determined from the response to this input. This method is not fully represcn-
tative of operating conditions in flight, since the step function is not applied
to the complete thermometer, and furthermore any step input cannot be represen-
tative as the thermometers are only subject to continuous changes in normal use.
The above method is, however, slightly better than the use of element
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Appendix 3

self-heating to provide the step input, as this completely ignores the effects
of the radiation shield ard element former. In both these laboratory tests the
results obtained will tend to give lower values of time constant than would be
obtained in flight. It would seem that the only truly representative methods
are, elther flight measurements, or measurements in some form of variable
stagnation temperature wind-tunnel,
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TABLE 1

Measurement of time constants {direct method)

- -

o ATO (1 + I.;.l M2> -ATR TR Thermistor Platinum
Flt. y At A C;E/ gTo A'.I'R K . =0 G{-/ therfnometer therx:xometer
No. sec | Tt 1000 £t K K g Th e Pl
OK/sec sec sec
T™ | PL Th Pl
38 | 1.046 | 256 |~750 ~-0,5 ~0.4 1 0.9} 2.2 1.2 2.7 1.15 1.04 2.3l
37 | 1.069 | 144 [-690 " -0.4 | 1.6 3,6 2.1 k.1 1,70 1.23 2.41
37 | 1149 | 120 |+300 " 0.1 ] 1.61 2.6 1.5 2.5 1.65 091 1.51
38 | 1154 | 226 |~450 " ~0.2{ 1.3 ] 2.3 1.6 2.6 1.70 0.94 1.53
38 | 1.268 | 194 {~350 " -0.21 2.8} 2.0 3.1 2.3 2.05 1.5% 1.12
37 {1.293 86 |-840 " ~Qub | kuli | 5.3 L9 5.8 3.60 1.36 1.61
31 | 1.396 | 20 |-200 2.0 Oui | 1.5] 3.2 0.9 2.6 2.05 O.hh 1.27
38 | 1.408 | 154 | -6L0 -0.5 0.3 2.2 3.1 2.6 3.5 2.55 1.02 1.37
28 | 1,411 | 296 |~L00 2.0 0.8 3.5 3.3 2.l 2.2 2.15 1.12 1.02
37 | 1484 | 40 |+ 50 -0.5 O [ 1.211.9 1.2 1.9 1.80 0.67 1.05
37 | 1.532| 22 |+380 " 0.2 2.4 {1.7 2.1 1.4 1.35 1.56 1.0L
38 | 1.558 | 100 | -390 n 0.4 | L3713, k.9 4.0 2.35 2.08 1.70

N.,B. DNo results available for the nickel thermometer, because of an intermittent circuit fault




Measurement of time constants (indirect method)

TABLE 2

ar (14X 02 —ar T Thermistor | Platinum
° 2 R | _p (=2) | th y
- ermoneter | thermometer

Flt. " o at

No. K o g' Th e!' P1

K/sec sec sec
Th Pl

38 1.046 1.2 2.7 1.53 0.78 1.76
37 1,069 2.1 kot 2.04 1.03 2.01
37 1.149 1.5 245 1.21 1.24 2.07
38 1.154 1.6 2.6 1.81 0.88 1.4
38 1,268 3.1 2.3 2.05 1.51 1,12
37 1.293 4.9 5.8 3 .64 1.31 1.59
31 1.396 0.9 2.6 1.71 0.53 1452
38 1.408 2.6 3.5 2.55 1,02 1.37
28 1.1 2.4 2.2 2.0k 1.18 1.08
37 1.484 1.2 1.9 2435 0.51 0,81
37 1.532 2.1 1.4 1.25 1.68 1,12
38 1.558 4.9 4.0 2.11 2.32 1.89

L]
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TABLE 3

Summary of results

Laboratory 1 Flight
Thermoneter ~r
Self-hecating Resistance Recording 5T1me constants Recovery factors
sensitdvity | concivivivy | i L (2)
Sensing [Constant (ai“f;ggy{) % -g% % %1 inches/ %K } . Standarg | Supersonic,k . Subsonlc,
<,
deviation
Type elenent GK?@, ¢/R - isec [T oM = 1,01 M = 1,74 = 0.7 .M = 1.0
ok/ve | 250% | 330% 250k | 330%
- +
¥
Penny and Giles |[Nickel wire (1} (3) (1)
0.10 0O Oe Oe . - - - - - -00 -
Aes & A.E.E. type 1 98 52 36 | 0,022 !
Therm{stor 0.37 0.0 =5a25 | =3403 | 0,012 0.009 : 12 042 1.00 105 1e15 1.00
Rosemount - ~ 3
Type 1028 Platinum .22 | ba13 Oul3 | 0032 {0,013 | 34015 }1-5 045 | 1,00 | 1,00 |1400 1400
i N i
TES: 1 Nickel wire thermometer on Conets

——

2 Results derived using static temperature predicted by platinum thermemeter Mmeasurements.

3 Unpublished A. & A.E.E. data gives a time constant of approximately 10 sec for the nickel wire thermcmeter.
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FIG.3. POSITION OF THE NICKEL WIRE THERMOMETER
ON THE COMET



i

FIG.4. FAIREY DELTA 2-WG774



a. ROSEMOUNT 102E (PLATINUM)
b. PENNY AND GILES (THERMISTOR)
¢. PENNY AND GILES (NICKEL WIRE)

FROM LEFT TO RIGHT:~

MOUNTING OF THERMOMETERS ON FAIREY DELTA 2-WG774

FIG.5.

(NOTE THE WHIP AERIAL)




RATIOMETER RATIOMETER

r——=—"" 1 ———-———= L
| | | |
[ g I | % |
I < | [ I
I_.__-qb___..J l____ﬁ_____._l
PENNY ANOGLI ROSEMOUNT
(NICKEL WIRE) 10 E
471 aIn 470 R
vt L
R,~50a

L
-
v

L
-
v

N.B a) INSTRUMENTATION COMMON EARTH POINT USED.
NOT LOCAL EARTH POINT,
b) CIRCUIT FOR PENNY AND GILES PROBE ON THE
COMET AS THE LEFT HALF ABOVE.

(a.). ROSEMOUNT AND PENNY AND GILES PROBE CIRCUITS.
(WIRE TYPES.)

oK ISKQ
VWV VWA~
rt 1 r1
| § | = ! g | GaLvANOMETER
L‘F"‘ - L4
Y. I
R '
PENNY AND GILES
(THERMISTOR)
(b). PENNY AND GILES THERMISTOR CIRCUIT.

(WITH VOLTAGE MONITORING CIRCUIT)

FIG.6. THERMOMETERS -WIRING DIAGRAM (FAIREY DELTA 2)
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I
ROSEMOUNT
AIR PRESSURE - 762 mm Hg
TEMPERATURE - 24-°C

| yd

PENNY AND GILES ROSEMOUNT
AIR PRESSURE - 749mm Hg (PLATINUM)

TEMPERATURE -21°C

! / /
SELF HEATING
TEMPERATURE
ERROR
AT °K

5 / _

=

/ /’ENNY AND GILES
(NICKEL) No. 3022,

(@) 10 20 3O 40 50 SO 70
POWER DISSIPATED mW

FIG.7. (@) STILL AIR SELF HEATING -
ROSEMOUNT (PLATINUM) AND PENNY AND GILES (NICKEL) THERMOMETERS.



TEMPERATUWURE 20-7°C

SELF HEATING /
TEMPERATURE .
ERROR /
AT °K

oS /
-

O O 4 o8 -2 'S 20 2 4 28
POWER DISSIPATED ¥ mWw

FIG.7.(b. STILL AIR SELF HEATING:-
PENNY AND GILES (THERMISTOR) THERMOMETER.
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FIG. 8.(a). RESISTANCE VERSUS TEMPERATURE CALIBRATIONS :-
ROSEMOUNT (PLATINUM) THERMOMETER.
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FIG.8(¢) RESISTANCE VERSUS TEMPERATURE CALIBRATIONS:-
PENNY AND GILES THERMISTOR THERMOMETER.




2-5 T T l
N.B CALIbRATION CLF-' THE PENNY AND GILES

(NICKEL WIRE) PROBE ON THE FAIREY DELTA 2 OME
WAS PREVENTED BY AN INTERMITTENT FALILT, COMET
PENNY AND GILES

(NICKEL WIRE)
2-0 A
/ ROSEMOUNT
(PLATINUM)
TRACE
DEFLECTION /
A
IS
INCHES ABOVE L~ /FG’ENNY AND
DATUM ILES

/ / (THERMISTOR)
1-O / /

o5 A
///
&)
[@ 220 240 260 280 300 320 40 380

TEMPERATURE °K

FIG.9. FINAL CALIBRATION-TRACE DEFLECTION VERSUS TEMPERATURE.
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FIG.12. VARIATION OF RECOVERY FACTOR,k,WITH MACH NUMBER AT
CONSTANT THERMOMETER RECOVERY FACTOR,K,( § =1-40).
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K
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FIG.14. VARIATION OF K, WITH MACH NUMBER FOR K=0.95
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FIG.16. VARIATION OF RECOVERY FACTORS IN THE SUBSONIC TESTS
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FIG.24. VARIATION OF THE DIFFERENCE IN INDICATED
TEMPERATURE AT SUBSONIC SPEEDS.
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FIG. 25. VARIATION OF THE DIFFERENCE IN INDICATED TEMPERATURE WITH THE
PLATINUM THERMOMETER INDICATED TEMPERATURE DURING THE SUPERSONIC FLIGHTS.
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FIG.28. VARIATION OF THE DIFFERENCE IN INDICATED TEMPERATURE WITH
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MEASUREMENT OF AIR TEMPERATURE ON AN AIRCRAFT 53346901146

TRAVELLING AT HIGH BUBSONIC AND SUPERSONIC SPEEDS,
Woodfleld, A.A., and Haynes, P.J, September, 1963,

Flight tests have been performed on two different designs of lmpact
air thermameter, with two thermometers of one design fitted with different
sensing elements, in the altitude range from 30,000 ft to 40,000 ft at Mach
numbers betwean 0,50 and 1,82, The performance of these thermometers is
described by two parameters, the recovery factor and the time constant,
values of which were obtainad, The unusual behaviour of the recovery factor
for one of the thermometers 18 discussed, At subsonlc speeds it is shomn
that the normal straight line method of analysis, plotting indicated
temperature versus (Mach number), can be Invalld, At supersonic speeds,
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the use of an apparent recovery factor, which includes the effects of both
the normal shock wave and the tharmometer recovery factor, 1s recommended,

There 18 a large difference between the flight values and some
laboratory values of time constant for ane of the thermometers which
suggests that the normal laboratory tests are not fully representative,

The flight test technique has been critically examined and suggestions
made for any future investigations into the behaviour of air tharmometers,
The need for an accurate independent method of measuring static temperature
during the tests is stressed,

the use of an apparent recovery factor, which includes the effects of both
the normel shock mave and the thermomet~r recovery factor, is recommended,

There 1s a large difference between the flight values and some
laboratory values of time constant for ons of the thermometers which
suggests that the normal labaratory tests are not fully representative,

The flight test technique has been critically examined and suggestions
made for any future investigations into the behaviour of air thermometers,
The need for an accurate independent method of measuring static temperatiure
during the tests is strossed,

the use of an apparent recovery fagtor, which includes the effects of both
the normal shock mave and the thermometer recovery factor, is recommended,

There 18 a large difference between the flight values and some
laboratory values of time oonstant for one of the thermometers which
suggests that the normal laboratory tests are not fully representative,

Thes £1ight test technique has been critically examined and suggestions
made for any future Investigations into the behaviour of air thermometers,
The need for an accurate independent method of measuring static temperature
during the tests is stressed,
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