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Fli&t testa hnve been performed on two different designs of impact air 
tl~ermometer, with two thermometers of one design fitted with different sensing 
elements, in the altitude range from 30,000 ft to 40,000 f't at Mach numbers 
between 0.50 and 1.82. The performance of these thermometers is described by 
two parameters, the reoovery factor and the time constant, values of which were 
obtained. The unusual behaviour of the reoovery factor for one of the thermo- 
meters is discussed. At subsonic speeds it is shown that the normal straight 
line method of analysis, plottin, v indicated temperature versus (Mach number)2, 
oan be invalid. At sup?rsonio speeds, the use of an apparent recovery factor, 
which includes the effects of both the normal shock wave and the thermometer 
reoovery 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. 
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1 INTRODUCTION 

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

. 
All direct methods of measuring air temperature indicate a temperature 

containing some fraction of the local dynanic-temperature, beoause the air is 
c 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 differenoe 
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, beoause the thermometer will then indicate either the free stream 
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.g. climbs and 
accelerations). 

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

Surface temperature elements:"5~5 The se measure the temperature of the skin 
of the aircraft, or a probe, and are therefore very dependent on the state of 
the local boundary layer. Thermometers of this type are still used but are 

49 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 

e factor, of the order of 0.8 to 0.9 which depends on the state of the boundary 
t layer, and large, possibly variable, radiation errors. 

Vortex thermometers :425 These utilize the reduction in total temperature which 
ocours at the core of a vortex. The vortex strength is oontrolled 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 subsonia aircraft 
in the United State&. 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:3*5 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 reliable instrument 
for measuring air temperature, and is the method nest commonly used at present. 
This report presents the results of flight tests on two different designs of 

f impact thermometer. 

L 
There are indirect methods for measuring temperature whioh depend on such 

temperature sensitive quanti-Lies as the velo,3ity of sound, air density, infra- 
red radiation, etc., but all these methods are too cumbersome for use on 
aircraft5. 
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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 tests3 (unpublished) at subsonio 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) 
as 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 supersonio 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 oonditions. 

It should be noted that the majority of the results were obtained whilst 
the airoraft was engaged on another project and the time scale was severely 
restrioted by other commitments on the aircraft. A3 a conseauenoe the results 
have certain limitations which are considered in the section-on Flight Test 
Technique (Se&ion 5.4). 

2 INSTRUMENTATION AND PRE-FLIGHT CALIBRATIONS 

2.1 Thermometers 

Four thermometers were used in the tests:- 

c 

Two Penny and Giles (A.&A.E.E. type) with nickel wire sensing elements 
(Serial NOS. jO2l-2), 

One Penny ati Giles (A. &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 seotional views of the Penny and Giles thermometer with the niokel 
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. h 

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. 
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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 
f zero time constant. To obtain this value of reoovery 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 satisfaotory 
results may be achieved. 

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

(a) Niokel wire and thermistor thermometers 

To reduce heat transfer by conduotion from the measured air sample, the 
sensing element chamber is lined with cork. This inner ohamber is surrounded 
by a second, in which the air temperature and velocity are approximately equal 2. 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 condii;ions to provide additional insulation. The external 

,, casing is of polished metalto 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 boundary 
layer. 

The velocity of the sample in the innermost ohamber 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, ioe, 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 instruments used in the present 
tests two thermistors were fitted in place of the normal element*. 

*Tests on Penny and Giles thermometers with 'paper' resistanoe elements have been 
I carried out at subsonic speeds by the Aircraft and Armament Experimental 

Establishment, (A.&A.E.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. 
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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 thermometer 

As in the previous design, the velocity of the sample is reduoed 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, beoause 
the axis of the sensing element and secondary chambers is normal to the main flow 
direotion, 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, wound with ample spacing on a short 
cruciform former and placed at the entrance to the ohamber. 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 instrumentation 

Of the four thermometers used one of the nickel wire type was fitted to a 
De Havilland Comet aircraft on one of the starboard cabin-windows, approximately 
over the wing quarter ohord Fig.3, ard the remaining three were mounted on the 
underside of the nose structure of the Faircy Delta 2 supersonio researoh air- 
craft Y/G 774 (Figs.4 and 5). Unfortunately the circuit used with the nickel 
wire thermometer on the Fairey Delta 2 developed an intermittent fault* which 
could not be aured 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 f 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.G(b)) supplied with a constant voltage, because the ohange of resistance 
with temperature is too large (from 4OOKfJ to 2K.Q for a range of 120%) 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. 

*Following these tests the niokel wire thermometer was tested and no trace of an 
intermittent fault was found. 
/It is essential to note that these non-temperature compensated circuits could only 
be used because of the small variation of the temperature in the Fairey Delta 2 
instrumentation bay (typioally t5oK about ground ambient). 
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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 reoorders in the Fairey Delta 2 was provcded from the internal 
timing system in No. 1 recorder, and this timing was synohronized 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 

" 

s 

Calibration of thermometers when installed on the airoraft is a rather 
difficult task, because of the problem of applying a known and oontrolled 
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 resistanoe 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. 

2.3.1 Still air self-heatin 

Before the thermometers were calibrated in a temperature ohamber, the 
thermometer voltage required to produce less than 0.5oK self-heating error under 
still air conditions was determined to reduce self-heating effects to an 
aoceptable 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, frcm the nominal rate of change of resistance with 
temperature for the thermometer, the self-heating temperature error variation 
can be plotted against the power dissipated. From this the power dissipation 
equivalent to an error of 0.5oK 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 differenoes 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 0.37°K/mW; 
with the platinum thermometer it is 0.22OK/mW and the nickel wire thermometer, 
O.O96oK/mW. This sequence may be explained by the different surface areas of 
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the elements. At equilibrium conditions the approximate power dissipated by 
the element (12R) 

TR 
(or rate of flow of heat) is given by (see Appendix l):- 

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

(12RjTR = H(TR- Tr) 

temperature rise. Thus for constant Tr: 

dTR LZ 1 
d(12R) iiS 

=$. 

TR 

0) 

(2) 

Therefore the larger the surfaoe area of the element the smaller the effects of 
self-heating, assuming a constant heat transfer 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 aoross the 
thermometer. Equation (3) then becomes:- 

TR-Tr =v2f l (3) 

c 

Hence, for a given voltage, the self-heating error is proportional to #/R. In 
these terms the self-heating effect is for the platinum thermometer. 
Comparative values at room temperature 

platinum thermometer 4.13%/v2 

nickel wire thermometer 0.98'K,b2 

thermistor thermometer 0.035°1C/V2 

2.3.2 Resistance versus temperature calibration 

The thermometers were calibrated in a thermostatically oontrolled 
temperature chamber with a range of 2l3OK (-600~) to 333OK (+60Oc). The air in 
the ohamber, 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 direoted towards the entrances of the thermometers by a small auxiliary fan. 
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An N.P.L. calibrated mercury-in-glass thermometer w&3 used to measure the 
temperature in the ohamber; 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 oompared 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(o) 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 oa-iibration 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 oases 
since a resistance tolerance of +2& is quoted for these thermistors. The lines 
through the measured points have been used as the calibration in all oaseaB 

The sensitivity of the three elements expressed as the peroentage change 
in resistance per OK is: 

1 Sensitivity $ change in IL/OK 1 
~- -  

T= 250% T = 330% 
* I *  

Nickel wire 0.52 0.36 

Thermistor -5.25 -3.03 

Platinum wire 0.43 0.32 

2,J.J Calibration of the aircraft svvstems 

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 (inches/%) in FigJO. 
The sensitivity of the thermistor thermometer falls off rapidly at both ends of 
the temperature range, This calibration could be made more linear by plaoing 
an additionaIL fixed resistor in parallel with the thermistors. 

3 FLIGHT TESTS 

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

3.1 Subsonic 

Some flights were made at subsonic speeds by the Fairey Delta 2 in the 
altitude range from 30,000 ft to 40,000 ft to obtain values of the reoovery 
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factor for the thermometers fitted to the airoraft using the conventional 
technique. During the tests the aircraft was flown at constant height and a 
series of speeds for about 20-25 seconds at each speed, to stabilize conditions, 
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 ohanges 
in statio temperature at constant altitude with time and distance the stabilized 
levels were performed in random order of Mach number with each sucoessive level 
on a reciprocal heading. This produces a random soatter in the results, 

3.2 Sunersonio 

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 oannot 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 deoelerated 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 enduranoe 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 
waa flown at a oonstant Bach 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 230 ft and 50.02 respectively during a period of five 
minutes. The Fairey Delta 2 flights took place between 35,000 ft and 40,000 ft 
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. 

4 THEORY * 

4.1 The temnerature equation 

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

Tr = To 4+ktiM2 
2 > 

where T = r indicated temperature (absolute) 

To = free stream statio tem]?erature (absolute) 

k = recovery faotor 

Y = ratio of gas specific heats 
M =: free stream Mach number. 
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Equation (4) is obtained by combining the definition of recovery factor; 

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

Ti = To 
> 

where T i = free stream total temperature (absolute). 

The recovery faotor 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 unaffeoted 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 Maeh 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 stream 
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 
equation (1~ F 

iving the indicated temperature in terms of the same parameters as 
. Thus, for a normal shock wave at entry to the thermometer: 

l a* (7) 
L 

where k I = 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, kl, can be 
derived from equations (4) and (7) as: 

for M 2 1.0 . 

At subsonic speeds k = k, @a) 

The variation of 
( 
ak\ 
3kl /M 

with Mach number is shown in Pig.11, and the 

variation of reoovery factor, k, with IGach number for constant values of thermo- 
meter recovery factor, k I' is shown in Fig.12. In practice the overall recovery 

faotor is the basic parameter reo.uired for measuring air temperature. 

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

view of the rather complex equation involved at supersonic speeds, it is simpler 
to use the overall recovery faotor, k, and. 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, kl, 
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 
Maoh numbers is a result of the large change in thermometer recovery factor that 
the error represents, as shown in Fig.l$. 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, k,, with a 
maximum at a Mach number of unity (Fig.13). 

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

, 
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4.2 The transfer function 

This is the equation used to oorrect 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:- 

d!i'R 
-0: (T,-TR) dt 

OT 

dTR 
dt= $ (Tr-TR) (9) 

where T R s indicated temperature uncorrected for lag 

Tr = indicated temperature (steady state) 

t = time 

E = 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 heated by foroed convection, i,e. without any 
heat transfer by oonduction or radiation. In praotice 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: 

TR 1 
T = 1+&D l 

r  

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

numerical differentiation. However if a prediction of the dynmic response 
error is required then equation (yj must be solved to give TR as a function of 
the input tempeL*ature, Tr, and time. 

This solution is given in Appendix 1 as:- 

3 
(Tr-Tr ) e " dt , 

0 

where T 
RO 

= Tr = the temperature at t = 0. 
0 
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, 

Using this solution the ef'feots of various flight conditions on the 
dynamio response error, (TR- Tr), can be oalculated. 

In praotioe 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:- 

-= 
Input ?I)+1 

n n 
02) 

Appendix 2 oonsiders 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, E', is given by:- 

2P E' = Eiy. 
n 

03) 

Usually *F/w n 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: 

Tr-Tr = a, t+ a2 t*+ a3 t3 D..e.e.e. a n tn 
0 

04) 

and the response of a thermometer to this function is given in Appendix 1. 
This shows that, if E, and all the differential coefficients, other than the 
first, are small, the solution is given by:- 

dTr 
<TD-TR ) 2 (Tr-Tr ) - E dt 

0 0 

or, as T 
RO 

= Tr 
0 

dT 
(TV- TV) Ic - & -$ . 

(15) 

From equation (9) an expression for dT J dt can be obtained in terms of 
basic flight parameters, such as Idaoh number, altitude, and statio temperature. 



.* 

f 

P 

*y-l 2 
2 

T &YL 
o dTi +2k z . 1 dM 

(17) 

dT 
If 2 is required in terms of the thermometer recovery faotor then, at 

supersonio speeds, differentiating equation (8) w.r.t.M. 

(l-k,)& w-0 

The first term in equation (17) oontains the derivatives giving the rate 
of change of statio 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 typioal 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 22OoK. 

M 

1 .o 3.33 

2.0 0.15 

k ClJ- Of1 dk 
dTi MYiiz 2k M2 To $$- 

i 

0.950 5 x IO -5 -0.165 0.021 

0.993 5 x IO -5 -0.015 0.087 

2k 

1.90 

1 .VY 

The largest part, under these conditions, is the 2k term. A reasonable 
approximation to dT 2/dt can be obtained if k is assumed to be unity and dy/dT. 
is negleoted. Neglecting the change of statio temperature with time at cons&t 
altitude equation (17) can be rewritten:- 

+(y-l)T Mg . 
0 

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

5.1 Measuring accuraov 

The estimated acouracies of the basio measurements, based on oalibration 
and reading accuracies are as follows: 

Dynamic pressure, 9, 21 lb/ft2 

Static pressure, pa 21 lb/ft2 

Corrected altitude, h 

Corrected Mach number, M 

Indicated temperature, TR 

2% ft (changes), +200 ft (absolute) 

+0.004 (changes), to.01 (absolute) 

t0.5'K 

Comet statio temperature, T 
"Ni 

tl.O°K 

Temperature lapse rate, X +o.2°K/iOO0 ft. 

The dynamic pressure, qor is that behind a normal shook 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/seo), as no correotion has been applied for lag in the statio pressure 
system. For the thermistor thermometer, the error in indicated temperature of 
tO.59c only applies over the temperature range 245-320°K. Outside this range 
the error for this thermometer rises rapidly to +1.5oK at 220°K and 360~. 

5.2 Time oonstants 

The effeotive time constant of a thermometer, E', can be obtained from 
flight tests by oonsidering the difference in indioated temperature between two 
points with different rates of change of indioated temperature with time. These 
points were usually chosen as nearly equal Maoh numbers on the acceleration and 
deoeleration to give the largest differenoe between rates of ohange of tempera- 
ture and the smallest change in temperature due to ohanges in flight oonditions. 
Using the symbol A to indicate differences between the first and second points, 
the time constant is obtained from equations (4) and (9) as: 

ATO 
- ATR 

a' = 

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 AT0 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 

d 
l 

report, using only those pairs of points where AT0 < loK and where dt dt) 
e 

TR\ was 
/  

small. From an original selection of 33 pairs only 12 remained after applying 
these restrictions. The value of AT0 was calculated from the change of altitude 
between the two points using the temperature lapse rate determined from 
metearological 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 
dt= dt (see Appendix 1) 

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

+d2) + A (2) (y-l) To M . (21) 

The results for this indirect analysis are given in Table 2. 

The possible error in a', using the accuracies of 5.1 is of the order 
+5&, so, although there is a slight apparent variation with Mach number, this 
probably has little significance. Therefore, the mean value of E' for each 
thermometer has been determined and then corrected to the true thermometer time 
constant, e, using equation (A3) i.e. 

The results are:* 

*IYo 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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Thermometer Thermistor Platinum 

Direct Mean e', seo 1.16 1.50 

Method Standard deviation,seo 0.42 0.45 

Indirect Mean E\ set 1.17 1.48 

Method Standard deviation,seo 0.49 0.38 

2F/wn,seo 0.0028 0.035 

Thermometer time constant, e,eec 1.2 1 l 5 I 

The effective time constants of the recording systems, 2F/wn, are negligible 
compared with the thermometer time Constants, E* 

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

deviations also remain fairly constant for both methods so that it would appear 
that both methods give similar aoouraoy. The main cause of the large scatter 
indioated by the large standard deviation is the small difference in TR measured 
because of the low rates of ohange of temperature attainable and the small 
values of the time constants. However, for small values of time constant, 
errors are less significant, beoause the difference between the indioated and 
true temperature is also small. The absolute error in temperature is related 
to the percentage error in the effective time constant, E' by:- 

aTR t 6e' 
b<TI1- Tr> = - dt E E’ . (25) 

Thus for a given allowable error in (TR- Tr) and a given value of dTR/dt, the 
oorresponding percentage error in a' is inversely proportional to e'. 

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

( 
1 + 9 M2 

> 
term, and the flight path angle for high rates of 

climb is small (e.g. when flying at M 

1000 ft/sec, then 
( 

= 1.5, when the speed of sound is 
1 + y M2 

> 
= 1.45, and the flight path angle for a climb 

of 250 ft/seo (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 aped indicator, and was made more difficult by his having to 
pass the Comet within a small height band. 

The value of E = 1.2 set obtained for the thermistor thermometer is a 
considerable improvement over the 10 seo for the almost identioal nickel wire 
thermometer 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 E of 1.5 seo is considerably larger than the value 
of 0.013 set 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 seo/oK, and H is related to the self-heating error by equation (1) 

viz II'R) TR-Tr = H TR 

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

Using the above analysis, the values of self-heating and time constant 
obtained in the laboratory are oonsistent with a value of m = 0.5 mW sea/OK. 

* However, if the measured value of the time constant is used, the oaloulated 
self-heating error of 3'K/mW, is far greater than the still air value of 0.22wmK 
and this is unlikely. 

There are two possible ex@anations 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 t5&, and the standard deviation of 
0.45 seo, 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 a step input, and this is not 
representative of the oontinuous ohanges experienced in flight; it introduoes 
the complication of transient aerodynamio and heat transfer oonditions. 

The step input is not applied to the complete thermometer environment, 
but only to the air entering the thermometer, and oocasionally 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 oonstant 
of the inner radiation shield may not be adequately represented. This is also 
oonsidered 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 Recovers factors 

5.3.1 Analvsis and results of tests at subsonic speeds 

The measurements of indioated temperature obtained from the thermometers 
*Delta 2 during 8 flights at subsonio speeds are plotted against 

in Fig.15. These tests at subsonio speeds were performed as a 
series of stabilized level runs as described in Section 3.1, and the indioated 
temperatures have been corrected for altitude ohanges using the temperature 
lapse rate from Meteorological office measurements and assuming a reoovery 
factor of unity. 

The usual method of analysing the results of tests of this type assumes 
that the recovery faotor, k, and static temperature, To, are constant during 
each flight at constant altitude. If these assumptions are valid, then, from 
equation (I), if the indicated temperature is plotted against (Mach number)2, 
as in Fig.15, the points should all be on a straight line passing through To 

at M2 = 0 and with a slope equal to y 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, statio temperatures, To, and the standard 
deviations of indicated temperature, S.D., are summarized as follows:- 
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i-- 
Thermometer 

I_- 

I 

. 

I- 

l?;t ,No. 

34 

35 

25 
29 
33 
22 

27 

39 

Thermistor 
-___fi__ 

k M$de / 

go,000 0.823 

30 ) 000 0.853 
35,m-J o.c93 
35,000 0.749 
35,000 0.824 

33,000 0 .749 
40,000 0.708 

45,000 1,085 

-c 

TooK S,D."K 

230. -1 0.84. 
228,8 0.G” 

223.4 0.64. 
225.1 oe75 
222.9 0.86 
221.0 0.63 
221.5 0.6? 

221 l 7 0.92 

1 -  

Platinum Meti 

k 

'1.001 

0.967 
1.014. 

0.896 

I .071 

1.030 

00993 
I.191 

-- 

TooK 

222.6 0.3L, 221.3 

222.8 0.84 220.3 

218.8 0.28 215.3 

218.3 1.05 216.3 

213,6 0.62 211.9 

210.6 0.13 206.1 

210.7 0*75 207.3 
217,7 1.07 218.3 

S.IL°K TooK 

The results for Flt,39 are not consistent with the remainder, probably 
because 2 out of the b poi&s are oonsiderably lower than the other 4 points. 
The results for this flight are not used in the subsec!nont analysis. 

The large differenoe betiveen the values of To obta-inod by cxtrs~~~l~tl;.n.~ 
c the results for the two thermometers on the same flight is completely unex-,eotcd 

and unlikely to be a true condition. The difference, which varies between 6’ 
and ?0,8O with a mean of 7.9’:, is larger than the experimental error of 

? approximately ?l.O" 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, T o2 is 

known, and the only available independent measurement of temperature was the 
Meteorological office data which cacnot be expected to have an accuracy better 
than t3% beoause of the interpolation in time and distance required to obtain 
the local temperature. The static temperature deduced from the platinum 
thermometer gives the best agrecmcnt with the Meteorolo@.osl office data, but is 
consistently about 3 oil higher. This same order of difference was also noted in 
the results froln the nickel thermometer on the Comet and is similar to resuits 

obtained by Meteorological Research Flight, R.A.E., Farnborough using yet anot?ler 
type? of aircraft mounted thermometer. It has been suggested that the radiosonde 
results from which the Meteorological office dataareoSta.ined are being ovor- 
corrected for radiation errors and thus giving temperatures lower than <aabient. 

Because the platinum thermometer gives the best agreement with the 
Meteorological office data and its recovery factor is compatible with the super- 
sonic results, the subsonic results have been analysed using the 

"j, 
latinum thermo- 

meter To, (i.e ., assuming oonstant K for the platinum thermometer Fig.lG(a), 
The effects of assuming either the thermistor thermometer To or an intermediate 
value are shown in Fig.1 6 (b). However, it is shown in Section 5.3.3 that these 
alternatives are incompatible with the supersonic results. 

" 21.). - 



The large dif'ferenoe between the predicted values of static temperature 
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, vLth this method, the standard deviations for both thermometers are 
similar and compare well with the expected experimental accuracy, therefore the 
results for either thermometer tested alone would be quite acceptable, although 
one, or both, must be predicting an incorrect static temperature with an error 
of at least 4oK. 

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 thermometer was only used 
to provide an independent value to analyse measurements at supersonic speeds, 
the effects of an error in measuring the recovery factor of the Comet thcrmo- 
meter are not very large. e.g. an error of 523 in the recovery factor for the 
Comet thermometer gives errors in apparent recovery factor for the Fairey 
Delta 2 thermometers of 2.7; and I,$ at Mach numbers of I,0 and 1.5 
respectively. These errors are well within the experimental accuracy governed 
by other limitations. 

The results of the calibration of the nickel wire thermometer fitted to 
the Comet are shown in Fig.17 and indicate a recovery factor of unity‘:'. 

5.3.2 Analysis and results of tests at supersonic speeds 

Seven flights were performed at supersonio speeds using the technique 
described in Section 3.2, and the variation of the quantities measured during a 
typical flight (Fit. No.38) is shown in Fig.18. As the speed was continuously 
changing during all the flights, the indicated temperatures must be corrected 
for the effects of the dynamic response of the measuring system. This corrcotion 
has been evaluated for Flts.37 and 38 and the results for Flt.J& are shown in 
Fig,lY(a), and, apart from the deceleration (i.e. after 220 SW), the average 
correction is less than $s(, 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. Flts.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 effect 
of altitude changes on the static temperature. Therefore, the dynamic response 
correction has been applied to these two flights and both the acceleration and 
deceleration phases analysed. 

The variation of static tomperaturc along the track of the Fairey Delta 2 
during the test runs is derived from the total temperature measured by the 
niokal wire thermometer fitted to the Comet using the measured recovery factor 
of unity. Unfortunately the Comet speed and altitude could only be recorded at 
the moment when the Fairey Delta 2 passed, although the temperature was recorded 
continuously. In view of this the derived static temperature at the moment of 
passing has been used as the basic measurement and the variation along the 

+Independent tests at A$A?B confirm that the recovery factor should be within 5~ 
of unity, and thus the error in T should not exceed l?K. o 
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Fairey Delta. 2 track has been obtained using the altitude difference from the 
point of passing and the forecast temperature lapse rate. The continuous 
temperature record obtained from the Comet has been analysed using the 1Lach 
number at the moment of passing, and, as the typical variations in altitude and 
Mach number of 230 ft and 10.02 only result in errors of approximately fl°K in 
the static temperature, the results have been used to give an indication of any 
large scale variations of statio temperature with time and distance at constant 
altitude. Apart from the beginning of some flights the variations of statio 
temperature are less than _ +l°K, therefore, no large variations in static 
temperature are apparent. The variations at the beginning of some flights are 
probabiy caused by starting the recording before the speed and altitude of the 
Comet had been stabilised. 
(Flts.28 and 38) 

The Comet static temperature results for two flights 
are shown in Fig.20. The results for Plt.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 faotors, 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 reoovery 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 I*5 

Recovery factor accuracy 20.07 20.05 to,03 

The effects of errors of this magnitude can be estimated from Fig.23, 
which shows the error in k or kq oorresponding to a lok' error in T . 

0 
A system&i:: 

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

As the results from the tests at su~ersonio speeds are the only ones 
analysed using independent vaiues of static temperature, these will be 
considered 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 b12 = 3.05 on Flt.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 Flt.20 is equivalent to 2 or 3OK error in static tempera- 
ture. If some allowance is made for these common deviation?, the general trend 
in the variation of recovery factor, k, with (Mach number)-, Figs.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 signifioantly, from unity at M2 = 1.0 to 1.05 (k, = 1.26) at Id2 = 3e0. The 
error in stagnation temperature, if it was assumed that the thermistor thermometer 
recovery faotor is unity, would be rather large, approximately 6% at M2 = 3.0, 
as may be deduced from Figs.13 and 19(o). 
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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.G(b)) 
is well established, and also the required error in the calibration to give a 
reoovery factor of unity, or less, would increase the non-linearity of the 
calibration; whereas previous e,xperience 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.&(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 satisfied; 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 0,50x, Fig.7(b). 

It,therefore, aTpears most likely that the rise in recovery faator 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, because 
the small size of the thermistors - approximately 0.015 inches - makes them very 
sensitive to variations of total temperature in the air sample. The characteris- 
tics of such a flow are probably controlled mainly by Maoh number, Reynolds number 
and temperature. 

Beoause the platinum thermometer recovery factor is aFproximately unity 
and the time constants of both thermometers are similar, any graph cf the 
difference in indicated temperature between 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)2 in Figs.24, 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.21;, assume a subsonic platinum 
thermometer recovery factor of unity, and this is compatible with the super- 
sonic results. 
(Fig.lG(b)), g' 

Other assumptions for analysing the subsonic results, 
ive 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 my evidence of such a discontinuity, the 
use of the other assumptions about To oannot be justified. 

The increase of the difference in temperature at both ends of the Mach 
number range suggests that the results might be oondensed 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 supersonio 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 differenoe 
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 b 
20.01 against entry Reynolds number (Fig.29 '5 

plotting all the points at M = 0.7 
. There appears to be a tendency 

to vary with Reynolds number, but the scatter is still large. It would seem 
that the difference in indioated temperature between the thermistor and platinum 
thermometers may well be due to aerodynamic3 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 inohes in front of the thermistor thermometer (Fig.5). Unfortunately this 
thermometer oould not be tested in any other position, beoause its mounting was 
not interchangeable with the simi&ar nickel wire thermometer. 

5.4 Discussion of flight test teohniuue 

Because the flight tests had to be completed bg 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 supersonio 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 aircraft, 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 meteorological radiosonde balloon 
measurements - high altitude. The speed and altitude must be kept constant to 
minimize the ohanges in indicated temperature, and henoe 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 climb through the 
airspace. To avoid large variations of static temperature, flights should not 
be made in regions with unsteady meteorological conditions (e.g. fronts, 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 aircraft with the test thermometer should be flown through the same 
air space as the datum aircraft, 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. 

Par recovery factor measurements the speed and height should both be 
constant to minimize the dynamic response correction0 

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 resuesi;s, -L 
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 meteorologioal data, 

(4 The recovery factors at supersonic speeds were determined from 
measurements under non-atabilized conditions, 

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

6 CONCLUSIONS 

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

1-t is desirable to have a time oonstant les s than 0,2 set if the temperature 
error is not to exceed l.OoK under most flight conditions. 

The platinum thermometer time constant of I.5 set is much larger than the 
value of 0.013 set obtained in laboratory tests, and it is concluded that 
present laboratory tests, particularly the ste? input method, may be ucrcpresen- 
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 tl*5'iC* In the section on theory the use of the overall 
recovery factor is advocated for supersonic speeds, ratct:ler than the thermometer 
recovery factor, a3 using the overall value removes the necessity to ooncidcr 
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 (i?ach numberJ2, to obtain recovery factors at subsonic speeds 
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 necessarily valid. 

. 
The unusual behaviour of the thermistor thermometer, with recovery factors 

greater than unity, is probably caused by an aerodynamic disturbance prcducing 
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 2 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 aerodynamio disturbance may well be caused or 
enhanced by the whip aerial 15 inches forward of the thermistor thermometer. 

, 

It is conoluded that the most vital measurement required far all flight 
tests to investigate the behaviour of air thermometers is an independent value 
of the static air temperature. More than half of the tl.5°K uncertainty in 
obtaining static temperature from the measured reoovexy 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 

0 

'1,2,...n ooeffioients in the temperature polynomial 

ATr = a, t+a2 t2+a 
3 

t 3 . . . a n tn 
r 

D differential operator, d/dt 

F damping ratio of the recording system 

H surface heat transfer rate of the sensing element watts/OK 

B surface heat transfer factor of the sensing element watts/cm 2 "K 

h pressure altitude, ft 

I current through the sensing element, amps 

j gradient of the ramp function, bTr = jt 

k recovery factor, k = Tt-To 
Ti-To 

thermometer recovery factor, related to k by equations (8) and (8a) 

M Mach number 
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m 

l/m, * 
9 

N 

P 

R 

S 

Ti 

To 

TR 

Tr 

w n 

“p 

& 

E’ 

h 

CY 

d 

SY?i‘LzOLS (Co&d.) 

Mach number downstream of a normal shook 

thermal capacity of the sensing element, watts-see/% 

time constants of the recording system, set 

a. constant in the step function equation 

the Laplace operator 

thermometer resistance, ohms 

surface area gf the sensing element, cm* 

free stream stagnation temperature, "K 

static temperature, "K 

indicated temperature, "K 

temperature of air surrourding the element, "K 

stagnation temperature at the centre of the measuring c;hamber, "K 
(Appendix 3) 

time 

0 < t, 6 t (Appendix 1) 

constant (Appendix 3) 

voltage across the sensing element, volts 

sensing element volume, cm 3 

recording system undamped natural frequency, radians/set 

ratio of the specific heats of air, 1' = I.40 

thermometer time constant, set . 

effective time constant of the complete temperature measuring system, seo 

temperature lapse rate, oK/lOOO ft 

specific heat per unit volume watts-s&OK cm 3 

still sir self-heating constant, "K/mW 
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APPENDIX 1 

THE DYNAMIC RESPONSE OF SYSTEMS BITH THE TRANSFER FUNCTION 
II + E D)" (FIRST ORDER SYSTEMS) VJITH PARTICULAR 

REFERENCE TO IWACT THERMOMETERS 

A first order system is one where the rate of ohange of output signal with 
time is proportionalto the difference between input and output signals. The 
heat exchange equation for a thermometer sensing element, when all the heat 
transfer at its surfaoe takes place under forced oonveotion, with no oonduction 
or radiation, is: 

H(T - TR) + (12R) dTR 
r TR 

= m dt 

where H= heat transfer rate in watts/degree 

( 12’)TR = electrical power dissipated at temperature TR in watts 

m= thermal capacity of the element in watts-see/degree. 

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

. ( 12RlTR 
TR-Tr = H . (3) 

Usually the eleotrioal power dissipated is a function of TR only and it 

aan be assumed that the power changes instantaneously with any change in TR. 
Hence (12R) 

TR 
is not time dependent and the element temperature at any instant 

may be obtained by finding the value of TR without any power dissipation and 
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 exohange equation becomes: 

dTR 
H(T,- TR) = m dt (27) 

or, written as a transfer function 
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TR 
";;: = ,$zq 

where E = m/H 

Appendix 1 

(2) 

and D = d/d-t, the differential operator. 

The units of c are time, and it is known as the time oonstant of the 
system. 

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

Defining the Laplace transform of x(t) as 

co 

3P> = 
s 

x(t) ewpt dt 
0 

then the transform of the transfer function is 

f&JP> 1 

- = 1+&p 
‘I;,(P) 

(28) 

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

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

FR(P) = 5 ' . 

( > 
P++ 

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

ATR = $ e 
-t 

jE . 

(29) 

(30) 

Equation (29) can now be substituted in Duhamel's integral and the response ~ 
to any input function obtained. 
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Appendix 1 

Duhamel's integral states that 

t 

ATR = 
I 

ATr A(t-t,) dt, 
0 

(34) 

where t is any given time and 0 6 t, Q t 

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

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

.‘V” t *,h 
AT, = 7 

.a 
ATr e dt, 

where ATR = TR-Tr and ATr =Tr-Tr, andat t=O, TR=Tr=Tro 
0 0 0 

This may now be uscrd to 
input functions: 

(32) 

find the response of the system to three typical 

1 Sten innut This funotion is frequently used for laboratory teats to 
determine the time oonstant and gives the familiar exponential response associated 
with first order systems. 

2 Ramp innut 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 All flight conditions are continuously ohanging 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 negligible. 

I Step input 

A step input can be represented by 

ATT = AT(l- e -N t/e> 
(33) 

. 

asN-,w. 



Appendix 1 

Substituting for ATr in equation (32), and integrating: 

ATR = 

Thus for N + 00 

ATR + AT(l- e 4) . 

Therefore the response to a step input is: 

ATR = AT(l- e -t/E ) . 

(34) 

(35) 

Equation (35) f orms the basis of the usual methods for determining the value of 
E, since when t = E 

ATR = 0.632 AT (36) 

and also 
c 

(37) 

In practice the time for ATR to reach 0.632 AT is used, as the initial slope is 
more sensitive to imperfections in the step input. 

2 Ramp innut 

AT r = jt 

where j is a constant. 

Substituting in equation (32) and integrating: 

ATR = AT,- j&(1-e -t/E ) . 

(38) 

(39) 

It is desirable to have (1 - e -t'E) > 0.99, or t/e > 4.6, 
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AT R 
= AT 

r  
-cj l 

3 Polynomial inDut 

AT 
2 

altfa2t +a t 3 = 3 888 a t n 
F n * (41) 

Mast oontimous iquts may be represented by a polymmial of this form, 
Substih,hing ilz q&ion (32) and integr&ing: 

AT 2 23 e If a, e-2! a2 G +3! a e 3 
R 3 

888 ( -1 > n-1 n! an E 4 
i 

+AT 2 2 ~I-ED+E D -c 3,3 
r  

l 8* {# en Dn] l (4-a 

Again considering large values of t/e, we have: 

AT 2 2 
R 2;; AT II-cD+G D -E 3,3 

r 8*8 (~1)~ en Dni l 

Thus, if E is smaU, and all differmtials higher than D are mall, the eqution 
becomes: 

dT 
AT = AT -e 2 

R l (4 > z 
r dt d 

Therefore, if the dmve oondition~ are mddofied, from equation (2) 

dT r -= 
a-t 

dT I R 
at 
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THE EFFECTS OF A RECORDING SYSTEM ?l!X'H THE TRANSFER FUNCTION 

+FD+$D2)-' ON THE RESPONSE OF A FIRST ORDER SYSTEM 
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 
fun&ions: 

TR 
T =,+FT7 

$ D2 
> n 

Q-4 

where F is the damping ratio of the recording system 

W n is the undamped natural frequency of the recording system. 

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

ATR = 

t 
J 

AT et's dt, - r 
0 

2 E2 wn 
' JFF 

-1 

I-E wnF+e wn ,,/G) eornlt / ATr emltl dt, - 
‘0 

I-E wnF-c wn I,/&) e-m2t f ATr zZtq 

0 

where m,,2 = %n !: wn J7I . 
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Appendix 2 

Considering only the response to a polynomial input, and making the same 
assumptions as in Appendix 1 (i.e. t + 00, E, i , L all. small, and differential 

ml 2 
ooeffioients other than the first are negligible)the solution is 

ATR 

and the effeative time constant 8' is given by: 

2F e' = E+r . 
n 

(46) 

(47) 

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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THERMOMETER TIME CONSTANTS AND THEIR MEASUREMENT 

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

E 

=:=: l 

(Its) 

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

ml c1 = - 
BISI 

(491 

l 

and during any ohange 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 element chamber, and in general the element will be 
in a region where the stagnation temperature is not the same as the free stream 
stagnation temperature. The ambient element temperature, Tr, oan then be given 
as: 

. Tr 

where 'U' is a constant and T'r is the stagnation temperature at the centre of 
the measuring ohamber, Tine value of 'U' increases to unity as the element 
approaches the radiation shield. 

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

viz. TR z T;- 

and for a step input 

Tr = T; 
-t/y 

> 
( l- e+") . 

(51) 

From the above equations it oan be seen that the time oonstant of the 
radiation shield oould have quite an appreoiable effect on the overall effective 
time oonstant. 
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Appendix 3 

If the specific heat per unit-volume of the element and shield are o and 
QI respectively, and their volumes V and V I' 

then 

(53) 

If the element is an open wire of diameter 'df and the shield is a thin cylinder 
of thickness, Ad, then equation (53) beoomes 

9 si In general T;I 2 _ - ~5 1.0 and Ad will be larger than d for structural 

HI 
stiffness, unless d is abnormally large. 

Therefore EI 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 considered 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 proportionalto 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 th L 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 oonstant is 
determined from the response to this input. This method is not fully represen- 
tative of operating conditions in flight, since the step function is not applied 
to the oomplcte thermometer, and furthermore any step input cannot be represen- 
tative as the thermometers are only subjeot 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 arzl 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, either flight measurements, or measurements in some form of variable 
stagnation temperature wind-tunnel. 
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, . . . I .  .  

Fit. 
No. 

38 

37 

37 

38 
I 38 

& 37 
I 

31 
38 
28 

37 
37 

38 

Thermistor 

5t 5h 
4 

OK thermometer 
Id 

seo ft 000 ft 8' Th 

I 
set 

Th PI Th Pl 
I 

-I- 

?  

5T 5TR 
O0 
K 

! 

1.046 256 -750 -0.5 -0.41 0.9 2.2 1.2 2.7 I.15 1.04 
1.069 144 -690 t1 -0.4 1.6 3.6 2.1 4.1 1.70 1.23 
I.149 120 t300 t1 0.1 1.6 2.6 1.5 2.5 1.65 0.91 

1.154 226 -49 11 -0.2 / 1.3 2.3 I .5 2.6 1.70 0.94 
1.268 194 -350 11 -0.2 1 2.8 2.0 3.1 2.3 2.05 I.51 

1.293 86 -840 11 -0.4 4‘4 I 5.3 4.9 5.8 3.60 1.36 

-1.396 20 -200 2.0 0.4 1.5 3.2 0.9 2.6 2.05 0.44 
1.408 I54 -640 -0.5 -0.3 2.2 3.1 2.6 3.5 2.55 1.02 

1.411 216 4-w 2.0 0.8 3.5 3.3 2.4 2.2 2.15 1.12 

f.484 40 +P -0.5 0 I .2 1.9 1.2 1.9 1.80 0.67 

I.532 22 t380 (1 0.2 2.4 / 1.7 2.1 1.4 '1.35 1.56 

1.558 loo -syo 11 -0.4 4.3 
I 

'3.4 4.9 4.0 2.35 2.08 
-a 

TABLEI 1 

Measurement of time corstants (direct method) 

Platinum 
thermometer 

E' Pl 
set 

2.34 

2.41 
1.51 

1.53 
1.12 

1.61 

1.27 

1.37 
1.02 

1.05 
I.94 

1.70 

N.B. No results avxilable for the nickel thermometer, because of an intermittent circuit fault 



TABLE 2 

Mestsurement of time constants (indirect method) 

Flt. 
ATo (1 +Y- 8) -% 1 -* @) g;$g;:, tphggzer 

M 
NO. OK e' Th e' Pl 

'K/set set set 
Th PI 

38 1.046 1.2 2.7 1.53 0.78 1.76 

37 1 .o@ 2.1 4.1 2.04 1.03 2.01 

37 1.149 '1.5 2.5 1.21 1.24 2.07 

38 1.154 I .6 2.6 1.81 0.88 1.44 

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 1.52 

38 1.408 2.6 3.5 2.55 1.02 1.37 

28 1.411 2.4 2.2 2.04 1.18 1.08 

37 A.484 1.2 1.9 2.35 0.51 0.81 

37 1.532 2.1 1.4 1.25 1.68 1.12 

38 A.558 4.9 4.0 2.11 2.32 9 -89 
I 
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SulllmavN of results 

I La3ommy i Flight 
Thermmeter 

I Self-heaCing 
-.-.I 

Resfstance 1 

I 

i Tine constants 1 
Recording i 

Recovery fat tors I 
7ensi tivity 

_“z., 1 4 $ % ?“’ 1 
sensl tivi ty \ 
inches/OK i i 

! 
Standcrd I SUp@rSoniC, k i 

NOTES : 1 Nickel wire thermoneter on Cmet. 

2 Results derived using static temperature predicted by platinuu thermmeter measum!enCs. 

3 Unpublished 8, & A.E.E. da-m gives a time constant of approximately 10 set for the nickel wire themoaeter. 
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