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ABSTRACT

A laboratory study was made of the errors of miniature
bead thermistors of 5, 10, and 15 mils nominal diameter when
used for the measurement of atmospneric temperature.

Although the study was primarily concerned with the errors
of the thermistors when used in Meteorological rocket sound-
ings between about 70 km and 30 km altitude the results are
alqo valid for other applications of tnese thormlstors at all
altitudes down to sea level.

Several distinct sources of error are present, and
these have each been discussed and estimates of their mag-
nitude made from laboratory tests. In gereral, all errors
increase rapidly above about 50 km.

Certain items which had not been fully considered in
previous discussions of this problem haye been shown to be
highly significant. In particular it is found that the lead
wires play an important part in determining thermistor re-
sponse, particularly at high altitude, and that the temper-
ature rise of the thermistor due to solar radiation is strong-
1y dependent on the radiation absorbed by the lead wires as
well as by the bead proper.
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CHAPTER 1

INTRODUCTION

1.1 Background to the Problem

The last 25-30 years have seen a continued'éxpansion of
our observations of the upper atmosgphere. This expaﬁsion
has been characterized by a series of upward and outward
steps in which techniques developed for soundings to a par-
ticular altitude range at a limited number of stations have
been further developed to enable "synoptic" soundings at
more frequent intervals of time and space to be performed.
These latter developments have to a considerable extent been
influenced by requirements of economy and conveniencé.

Thus the techniques used in a synoptic system do not nécess—
arily represent the most sophisticated methods for carrying

out the measurements concerned.

The development of high altitude sounding rockets
since World War II has enabled much information to be

\

obtained about the atmosphere above the level atpainable‘
with balloons. Because of cost, soundings weée at first
iimited to rather inf;equent firings, but recently more
economical rockets have been developed which allow study

of synoptic scale phenomena. In 1959 the Meteorological



Rocket Network (MRN) was established. This network,
described by Webb et al (1961,1962), is a cooperative
arrangement of various independent groups which operate
rocket ranges (mostly in North America), under which data
and information is exchanged and firings coofdingted in
time. The aim of this netwdrk is to obtain data on winds
and temperatures up to an altitude of\60-70 km on a time
and space scale suitgble for at least preliminary studies
of synoptic scale phenomena above radiosonde level. A
considerable aﬁount of information has been obtained by the
network since its inauguration. The rockets most used
have been the Arcus and the lLoki ; details of these rockets
and their characteristics have been freely published else-

where. (See for example, Ballard (1965)).

Perhaps because of economy considerations, the tele-
metry package for the temperature measurements was made to
be compatible with the GMD-1 ground equipment, and the
primary temperature sensor chosen was a 10 mil bead therm-
istor. It was found, however, that temperatures
obtained with this se’n’sor above about 50 km were too high
when compared with other results, such as the sound-
»g{enade experiments. Subsequently,. various workers have
attempted to analyze the errors of these rocketsonde

measurements, with a view to obtaining correction equations



by means of which the validity of the measureménts could be
extended to higher levels. The chief contributions in.
this respect were those of Barr (1961) and of N.K. Wagner
(1961,1964). The computations of these authors relied
rather heavily on theoretical and/or assumed values for the.
various heat-transfer coefficients involved in the analysis,
because of a lack of published experimental daﬂa on the
characteristics of the thermistors. However they did con-
firm that the errors amounted to some tens of degrees near

the upper part of the soundings.

As is the case with many instrumentation problems,
much of the literature concerning the errors of these small
thermistors when used for air temperature measurements is
of a fragmentary nature, being perhaps part of various
unpublished reports which are not easy to find. There
does not appear to be any really thorough treatment of the
subject which takes into account all the pertinent factors.
Further, it is evident from a critical review of this lit—
erature that there”are prevalent a number of serious miscon-
ceptions. These are due to a lack of understanding of the
physical processes involved, and to the neglecf of certain

items which in fact turn out to be of major importance.

The present study is intended to be a'laﬁoratory

- investigation of the various types of- errors to which the




small thermistorﬁ used in the rocketsondes are subject.
These thermistors are also being used for other types of
atmospheric temperature measurements, for example on high
altitude floating balloons, and alfhough the emphasis in
this work will be on rocket soundiﬁgs it is hoped that the
results will be of much wider épplication. In add;tion
to the bead thermistors, some data will‘be,given on the
characteristics of miniature rod thermistors and on the
recently developed "thinistors" which have flat-plate

geometry.

It is unfortunate that 2 more thorough study of bead
thermistor errors was not made in the earlier stages of
development of the rocketsondes for the MRN, for it turns
out that the altitude to which meaningful corrections can‘
be applied to existing data is limited, while relatively
minor changes in the mounting and utilization of the sensors
would have very greatly improved the measurements. It is
only very recently that improved types of mountings have
been developed which reduce one of the majoy sources of
error - conduction of heat from the rocketsonde pody through
the lead wires to the thermistor bead. This neQ mount has
nﬁt yet been adopted by all contributing ranges of the MRN,
but if is obvious from comparisons with other methods that

the results are greatly csuperior to the previous ones



above 50 km. (See Ballard (1966)). Even so, -it is not
clear to exactly what extent they are improved, nor is it
clear what the remaining errors may be. There is therefore
still a considerable amount of data being produced whose

accuracy in the upper levels is not known.

It is hoped that the present work will throw some iight
on this question, and also provide quantitative data lead-

ing to an improvement in sencsor design.

1.2 Errors of Immersion Thermometers

There are many methods available for measuring atmo-
spheric temperature, but the most common method is "immersion
thermometry". In this, the active part of the sensor is
exposed to the air énd is supposed to attain the same temp-

erature as the air. The temperature of this part of the.
sensor is monitored in some way. It is not proposed in

this work to carry out any comparisons with the other methods
.0f temperature measurement. As has been noted in 1.1 above,
cost and convenience considerations play a large part in the |
choice of sensors fof a particular purpose. The inherent
simpiicity of immersion thermometry makes it an obvious
contendér for a s&nOptic meteorological soﬁnding network,
because there is the prospect of low or moderate cost, min-

imum restrictions on vehicle design, and relatively short



time required to carry out a measurement ét a given point.
It is not surprising therefore that immersion thermometry
was chosen for the rocketsonde network. Thevactive part
of the sensor in this case is of coﬁrse the bead of the
thermistor. Temperature is deduced from the resistance

of the bead (C/F Chapter 2).

It is well known, however, that immersion thermo-
meters are subject to érrors. This is because of the fact
that in additién to the exchange of heat directly with the
surrounding air there are other modes of heat. transfer which
-cause the equilibrium sensor température to be different
from the air temperature. Some of these factors will be
listed below. In general the errors increase with alt-
itude because the convection which causes the sensor element
to approaéh the air temperature decreaseé while the other
terms usually do not. If we have some‘knowledge of these
terms it is possible to deduce the prge air temperature
from the sensor temperature by applying an appropriate
correctiont It is the uncertainty of this correction-
rather than its actual magnitude which determineg'the use-
fulness of a given sensor in a given situation.> Good
design of fhe seﬁsor will minimize this uncertainty.
Normally, but not necessarily, this is accompanied by

a reduction in magnitude of the error.



Fig.l illustrates schematically the main heat exchange
mechanisms as they apply to a rockeisonde thermistor. Thus,
we have convective heat exchange with the air both direct
to the bead, 1, ane to‘the lead wires, 2, whence some of
this heat reaches the bead by conduction. There is conduct-
ion of heat from the instfument package via the support
posts, 3, 1long wave radiation exchange between the sensor
and the earth, clouds and atmosphere below the bead, 4,

and between the sensor and the atmosphere above the bead, 5.

Instrument Package
7,6

FIG.1. Heat Transfer lodes Affecting Thermistor

Bead Temperature.



Long wave radia%ion exchange between the instrument pack-
age and the sensbr, 6, must also be considered, and
short wave radiation, 7,l from the direct solar beam as
well as - that scatéered by the earth, air, and clouds,
and by the instrument package. ther effects arise from.
the self-heating qf the bead iy the measuring current, 8.
Of these items, only 1 and 2 act benificially in causing
the temperature of the bead to approach that of the air,
the others may be copsidered sources of error. One must
also be sure that the temperature.of the air around the

thermistor is not influenced by the instrument package.

Other errors ensue as a result of the motion of the
dropsonde through the air. Thué; depending on the
lapse rate, £he environmenf is in general changing and
the sensor may not be able to follow these éhanges with
sufficient rapidity. More'important, at the top of the
flight the sensor is ejected with a considerably different
temperature than that of the air and it may fall through
a considerable distance before it attains the air temp-
erature. Since the density at thé top of the sounding
_is very small the fall velocity of the dropsondé even.
when the parachute is fully deployed may be very high.
There are therefore appreciéble errors due to aerodynamic

heating.



1.3 Environmental Conditions

It is worthwhile at this stage to briefly review the
‘typical environmental conditions encountered by'the sensor
in falling from say 80 km. These are given in Table 1,

which is abstracted from the U.S. Standard Atmosphere, 1962.

TABLE 1. Properties From the U.S. Standard Atmosphere, 1962.

Geom. Alt. Pressure Temp. Holecules/cc Mean Free Path
km mm Hg | °c | cm
80 7.8 x 1070 -92.5 4.2 x 103% 4.1 x 107!
70 4.1 % 1072 -53.4 1.8x 1077 9.3 x 1072
60  1.7x107Y -17.4 6.4 x 10%° 2.7 x 1072
50 - 6.0x 107 2.5 2.1x10% 7.9 x 1077
40 2,15 _22.8 8.3 x 108 2.0 x 1077
30 8.98 46,6 3.8 x 1087 - 4.4 x 107
20 41.5 -56.5 1.8 x 10°® 9.1 x 107
10 198.5 -49.9 8.6 x 1038 2.0 x 1072
0 760.0 #15.0 2.5 x 10*? 6.6 x 107°

- The first poiﬁt to notice is that there is a range of 105 in
pressure and about half this in the number of molecules per

cc. Secondly we note that for a 10 mil bead thermistor of
2

nominal diameter 2.54 x 10°° cm the mean free path is
equal to the thermistor diameter near 50 km. Therefore,

for a large part of the altitude range of interest, the



flow of air aroﬁnd the thermistor cannot be treated as a
continuous flow. On the other hand, the region where the
conditions can be concidered to be ﬁhose of free molecule
flow is essentially abo?e the range of the rocket soundings
in question. We are therefore dealing with a transition

" region which is very éifficult to treat theoretically from
the standpoint of the computation of the heat transfer.

It will be seen later that it is at that altitude where the
mean free path is not small compared to the thermistor

that the rate of heat transfer between the air and thern-
istor begins to fall off rapidly, with consequent increase
in the temperature errors. Thﬁs it is very'desireable to
carry out laboratory measurements on the thermistors them-
selves rather than to attempt to use published heat ﬁrans—
fer data for similar bodies which may not have been taken

under exactly the same conditions.

Finally, we.note that up to the maximum altitude of
T70-80 km to be considered there is no diffusive separation
of the constituent molecules. Therefore the kinefic and
‘ moleculé} scale ﬂemperatures are equal and there is no
problem in.defining atmospheric temperature. If there
Qere no errors, an imuersion thermometer would indeed

indicate the desired air temperature.

10
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1.4 Outline of This Work

It is clear that>it is virtually impossible to simul-
taneously duplicate in the laboratory all the environmental
conditions of a sounding; various aspects of the problem
must be investigated sepafately. Because iﬁ general the
different sources of error are not independent; we must
have a mathematical model by means of which the interplay
of these processes in an actual sounding can be predicted.
This is possible with a simple system; for example one in
which the thermistor is suspendgd in the atmosphere by its
lead wires from relatively heavy support posts, well clear
of the instrument package. This is the type of mounting
used on the majority of focketsondes, and in high altitude
balloon work. Some of the more recent mountings being
tried on the rocketsondes, however, would not lend them-
selves to this type of analysis (see Appendix), and the
extent to which laboratory tests made on these could'be

applied to the atmosphere is questionable.

This worktwili be mosﬁly'cohcerned with thermistors
mounted in the simple "post" manner described above. Not
oﬁly has this the widest application, but the results are
readily interpreted in terms of the characteristics of the
thermistoré themselves rather than §he specific mounting

conditions.
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Chabter 2 will describe the calibration and the
electrical and physical characteristics of the therm-
istors. Chapters 3-10 will consider the laboratory
tests made to investigate the major sources of error.
The relevant theory required for interpretation and
application of these results will be developed and the
results or deductions from the results will be compared

with published data where this is available.

In Chapter 11 the combined results of Cﬁapters 3—10
will be used to discuss tne errors of the thermistors
when they are used in the atmosphere, as in a balloon
or rocketsonde sounding. It is only at this stage that
conditions actually prevailing in the atmosphere will be
introduced explicitly, although often these will have

been considered in the design of the laboratory tests.
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CHAPTER 2

' CALIBRATION AND PHYSICAL CHARACTERISTICS OF THERMISTORS

2.1 Thermistors

Thermi§tors are semiconductor devices whose electrical
resistance is a marked function of temperature. They are
available in a very large range of shapes sizes and elect-
rical characteristics, aﬁd have very many uses besides
temperature measurement. The most familiar examples to
the meteorologist are the rod thermistors used on the

standard radiosondes.

An important feature of thermistors witﬁ respect to
their use in remote or telemetered temperature devices is
their high sensitivity. Thus in a typical case a therm-
istor of resistance 50,000 ohms at 25°C might undergo a
resistance change of 2000 ohms or 4% for a 1°¢ change in
temperature. This can be compared to 0.36% change per °c
for a platinum resistance thermometer. Sipce a wide range
" of "basic" resistances are available it is relaﬁively easy
for an engineer to design such a device with maximum simpl-

icity and reliability.



2.2 Physical Characteristics

The thermistors studied in this Qork weré mostly bead
thermistors. The beads are more or less football shaped,‘
with lead wires for the electrical connections extending
froq the ends. Some photographs of typical beads are
given in Fig.2. The size of bead thermistors is ndrmally
expressed by the manufacturer as the diameter in mils,
where 1 mil = 0.001 inch. This diameter refers alwéys
to the smallest diameter of the bead, but it is also only
a nominal figure. These two facts are important, Dbecause
some authors have published estimates of thermistor char-
actericstics based on the assumption of a spherical bead
having the nominal diameter. As-an illustration of what
can happen dué to the departure from sphericity VB-2 shown
in Fig.2 was estimated to have a volume of 1.5 x 10"5 cm3
and a surface area of 3.0 x lO"'3 cm2. The minor diameter
was 2.6 x ].0-2 em which is essentially the nominal diameter
of 10 mils. Yet the volume of a true 10 mil éphere is
0.86 x 10-5 cm3 and its surface area is 2 x 10"3 cmz.
.Similar variations can arice througﬁ variations in the
nominal diameters. Of 10 beads of 15 mils nomfgal diameter
measured from one manufacturer, the mean diameter (of the

smallest section) was 14.5 mils and the range of variation

from 11.8 mils to 18.3 mils. The corresponding volumes



FiG.2.

Photomicrographs

(a) 15 mil bead

(b) 10 wil bead

(¢) 5 mil bead

of Bead Thermistors.

15



were 1.55 x 1072 cm’ and 6.0 x 10~ cm3, a range of

nearly 4 to 1.

The’pead thermistors studied had nominal diameters
of 5, iO and 15 mils. AIn general the smaller sizes showed
" the largest departures from sphericity. Thé 10 and 15 mil
bead thermistors had lead wires of 1 mil-diameter platinum-
iridium alloy, and the 5 mil beads had leads of the same

material but 0.7 mil diameter.

The semiconductor material of the thermistors is
sheatned in glass. In many of the beads tested there was
-a thin outer coating of vacuum deposited aluminum, the

purpose of which is to reduce radiation errors.

2.3 Electrical Characteristics

The resistance-temperature characteristic of therm-

istors is approximately logarithmic, of the form

log,, Ry = A - BT.

" An empirical relation which is valid over larger temper-

ature ranges is

~

= 2
logIONRT =5 +0b (2.3.1)

where T 1is the absolute temperature. For the thermistors
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studied, a is positive and therefore the resistance
decreases.with increasing temperature. Thermistor spec-
ifications usually include the nominal resistance at 25°C,
together with tolerance limits for the spread of the

actual resistance at 25°C about this.

2.4 Calibration of Thermistors

The calibration of thermistors was carried out in
air at sea level pressure in a commercial environment
chamber. The reason for using air rather than a liquid
bath was to avoid contamination which may have altered
the electrical resistance of the thermistors. At a temp-
erature of —50°C the resistance of typical thermistors is
several megohms and this could be greatly upset by the
presence of electrical leakage. In many cases fhé beads
were coated with aluminum. The gap in this coating nec-
essary to break the electrical continuity across the leads
is then very small and quite subject to contamination and p

resulting eiectrical leakage.

Some precautions were needed/when calibrating in air
bécause in a large environmental chamber of the type used
the temperatufe is not uniform. Also therg are turbulent
fiuétuations inside the chamber and fhe temperature at a

given point is uﬁsteady. These qffects were avoided by

~
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enclosing the thermistors inside a small copper cylinder,
2 inches in diametef and 2% inches loqg with closed ends.
This cylinder was suspended by strings in the central part
of the chamber. The high thermal conductivity of the
cylinder ensured uniform temperaturé of the air within,

and its relatively large mass kept the temperature steady.

-

The'temperature of the copper cylinder was meacsured
with a copper-constantin thermocouplé. One junction was
' soldefed to the inside of the cylinder wall and the other
kept in an ice bath and the output measured with a Leeds
and Northrup potentiometer. As a secondary check, an
alcohol in glass thermometer was taped to the outside of
the cylinder. This was almost always within 0.2°C of

the thermocouple.

By operating the refrigerator or heéter_of the cham—\
ber the temperature was varied from about -50°C‘ to +40°C.
It was found that satisfactory readings were only obtained’
if the‘chambe: temperature was varied in steps, with
plenty of time allowed at each step for the temperature
to become steady. The resiétange of the thermistor was
measured using a bridge'énd recording circuit to be describ-
ed in Chapter 3. The measuring current was kept small
enough to avoid electrical heating of the thermistor bead,

which can easily occur gépecially at low temperatures where
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the resistance»is high.

Fig.3 shows plots of the calibration of two Gulton
type X2047 thermistors, G-1 and G-2 .using.Loglo RT

vs coordinates. For these two 15 mil bead thermis-

1
T
tors the relation is seen to hold quite well, but there

is some difference in the slopes. -

| When purchased in quantity; these small thermistors
show a significant spread of their actual resistances at
25°C about the Qanufacturer's nominal resistance, +20%
is typical. . The manufacturers can provide matched therm-
istors whose resistances at a particular temperature are
within a specified tolerance, but of course the smaller
this tolerance is the greater the cost. Assuming that a
universal calibration is not practicable, the next best
would have been to have a standard calibration curve
which could be adjusted to each thermistor by making a
single calibration check at say room temperature. This
is the procedure used with the standard radiosonde rod
thermistors. For example, if in the relation (2.3.1)
the value of a did not ﬁary between thermistors of a
given type one could mereiy adjust b by a single observ-’

ation and obtain a calibration valid at all temperatures.

Since a defines the slopes of the curves in Fig.3,
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it is seen that this procedure cannot be applied with suit-
able accuracy. Thus, if a curve having the same slope

as G-1 in Fig.? is matched to the calibration of G-2 at
25°C, the calibration would Se in error by about 4% 'at
-SOOC_ and presumably greater at the temperatures of -70%"

or so expected in.the rocket soundings.

- To avoid this type of error it is necessary for indiv-
idual thermistors to be calibrated at more than one point.
This entails significantly increased cost as well ac some
loss of convenience in the reduction of data. It is prob-
able that in the future the thermistors can be made in
quantity with the slope, a, constant. At present one
can obtain at considerable extra cost matched sets of a
small number of thermistors which accurately track the
same temperature-resistance curve over a Specified range,
but these ére probably selected by trial from a batch of
standard thermistors. The Bendix-Friez compan.y have devel-
0ped'a small 10 mil diameter rod thermistor for upper atmo-
spheric work which they claim can be made to have much more
closely controlled calibration characteristics than the
small beads. éome characteristics of these rods will be

discussed later.

Similar calibration plots to those given in Fig.3

have been made for other types of thermistors. For some

21
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the Log10 RT = % + b relation did not hold over the full
range of +40°C to —SOOC, there being a slight increase
in slope at temperatures below about -25%. For these
types, calibrations at several ﬁoints over the range would
be necessary. As expected, different thermistor types

exhibited different s=lopes.

2.5 ©Stability of Calibration

In the early days of development, some thermistors
suffered from the serious disadvantage that their resist-
ance-tempgrature calibrations tended to drift or jump
appreciably. This was often associated with mechanical
or thermal shocks. More recent thermistors appear to be
somewhat improved. In a test of the stability of therm-
istors for low temperature measurement, Sachse (1962)
subjected small glass encapsulated thermistors to repeated
thermal‘cycling between 90°K and BOOOK. He reported
calibration drifts of up to a few tenths of 19C after the
first 500-1000 cycles and much smaller drifts thereafter.
‘On the other hand Droms (1962) observed drifts of from
0.3°C to over 5°C in small (14 mil) glass coated bead
éhermistoré over'a period of 90 days when’stored at temp-
eratures of 100°C and 200°C. The drift of 43 mil glass

coated bead thermistors over the same time was less than
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0.06°C when stored at 100°c.

The author has not carried out a detailed studj of
this problem, but one of the 15 mil bead fhermisfdrs was
checked aé room temperature against a thermocouple 4 or
5 times over a period of 4 months and there was no\change
in calibration within the accuracy of the tests (about
0.3°C). No calibration jumps were noticed wvith any of
the many other thermistors used in the course of this
investigation, although they were not specifically look-
ed for, It is probable that thermistors stored at room
temperature are relatively stable - nevertheless a pre-
flight calibration check as in standard radiosonde pract-
ice would seen desireable.

2.6 Utilization of Thermistor Calibrations in this Work

In the major part of the work to be described, the
_important item was a temperature change rather than the
actual value. Also, the majority of the tests were
) carried out at room temperature. The temperaturé changes
ranged from tens of degrees down to tenths so there was a
problem in hgving a single calibration curve plotted on a

la;ge enough scale to accurately cover this range.

The procedure adopted was to plot the calibration



points on a log Ry, Vs % scale on large (20" x 18")
sheets of prepared graph paper. A straight line was
fitted by eye to the calibration points between about
-10°¢ and.+40°C, and two points on this line used to
determine the consfants a and b. From these, RT,T
pairs were computed at 10°C intervals from 0°C to +50°C
and these were replotted to obtain a series of calibrat-
ion curves for each 10°C interval as illustrated in

Fig.4 for the thermistor G-2. For evaluation of very

small temperature differences it was more convenient to

use the function %% . This was very simply calculated
: T
from
2
daT =T
= = xR (2.6.1)
dRT 2.305 a RT
Then AT = 4T

( dRT)mean' AR

The curve correspoﬁding to G-2 is given in Fig.5.

u

Calibration curves for all the thermistors tested
vere constrﬁcted in this way, except that in a few cases
where two or three thermistors of the same type were tq
be tested onl& one was actually calibrated in the chamber
énd the quantity b was adjusted to match the calibrat-
ions of the remainder at room temperature. For temper-

ature differences, the error involved in assuming the
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same slope is at most a few percent.

Since they are of no intrinsic interest, the other

calibration curves are not included in this work.

.21
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CHAPTER 3

SOLAR RADIATION ERRORS

3

3.1 Theoretical Temperature Rise of an Irradiated Thermistor

The error produced in an immersion temperature sensor by
the heating effect of the sun's radiatioh is'one‘of the most
important. In the majority of applications of the small
thermistors studied in this work no radiation shields are
employed, for a number of reasons; Instead, attempts are
made to minimize the error by the application of reflective
coatings to the thermistor bead. Before déscribing the var-
jous laboratory tests used in investigating this problem it
is convenient to derive an expression for the temperature
rise of a fheriistor when subjected to a uniform parallel
beam of radiation, in terms of physicél properties of the

thermistor.

Consider radiation in the form of a uniform béam of

2 impinging normall& on a thermistor

intensity J watts cm
bead and its leads, as shown in Fig.b. We chall first
compute the equilibrium temperature distribution along. the

leads when the convection terms are held constant.

The heat balance for the element dx of this lead wire
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can be written

dQ = -27rh (T - T)dx + 2 € _Jr dx (3.1.1)

where r is the wire radius, hw the convective héat-
transfer coefficient for the wire, Tw and T the temp-
eratures of the wire and air, and esw the fraction of

the intercepted radiation absorbed by the wire.

The heat flow in the wire, Q, is related to the

thermal conduétivity k and the wire's cross-section

29
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b
area a_ by

dTw .
Q= -ka“r rrs ' - (3.1.2)

_ After differentiating (3.1.2) w.r.t. x and substituting

the result in (3.1.1), the differential equation

» 4
g“g - p26 + q= 0 (30103)
dx

results in which P = (2hw/kr)%, q=2 E%WJ/er,

and we have written € = Tw- T.

Since they are so heavy by cbmparison with the.ther-
mistor, the support posts will respond very much more
slowly to the radiation than the thermistor and in general
will differ ih temperature from the air. Let 91 be the
temperature excess at the support'post, x =0, and 62

" that at the bead, x = d. Then the temperature distrib-

ution along the lead wires is givén by

¥ = cosech pd(§2- Elcosh pd)sinh px + Elcosh px

(3.1.4)

" Here, § =T-T- %2

m

@

!
'Ud»a )

!

Turning our attention to the heat balance of the

bead, which is assumed to have uniform temperature, we



note that the heat loss is given by

a8
2ka (%) o * BpAp®,

where hy, A, are the heat transfer coefficient and the
total area of the bead respectively. Neglecting heating
due to the measuring current, the heat balance condition

for the bead is given by

4% _ '
2kaw(dx)x=d + hohg8, = J €A’ (3.1.5)

A}

Here, esT is the fraction of the radiation absorbed by
the cross-section area A'y of the thermistor bead.

Note that both esw and GBT refer to average reflect-
ivities, i.e. they include anj variation of reflectiv-

ity with angle of incidence and with wavelength.
From (3.1.4),

(%i)x= = p'glsinh pd + p coth pd(gz- Elcosh pd)

d
(3.1.6)
To obtain the teméérature rise due to the radiation we
first find the equilibrium bead temperature 620. in the
absence of radiation. This is done by setting q =0
and J = 0, combining equations (3.1.5) and (3.1.6),

and solving for 6,-

31



Thus,

2kawp cosech pd

e = 3 . 9 (30107)
20 AT ot 2kawp coth pd 1

The desired expressibn.is then obtained by subsﬁituting
for (%&) a in (3.1.5) from (3.1.6) and making use of
X=

(3.1.7). The result is

' 1
e - (2kawq/p)(coth pd - cosech pd) + J esiii

20 . ALh, + 2kawp coth pd

0
2 phy

(3.1.8)

It is seen that the temperature rise of the thermis-
tor bead under radiation depends on a number of factors,
each of which must be considered when conducting labor-

atory investigations.

If we were to put in typical valués for the various
quantities in (3.1.8) we would find that the contribution
to the temperature rise due to the radiation fal}ing’on |
the lead wires is of the same order as that due to the

"radiation iﬁtercepted by the bead. This is clearly dem-
onstrated in the experimental results given below, the
effect beiqé greater at higher altitudes than at sea
‘level. This fact appears to have been overlooked or
treated rather lightly in previous discussions of the

problem.
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It is instructive at this stage to note briefly the

form of the temperature distribution along the lead wires

" Thie is readily obtained from (3.1.4) after using (3.1.8).

Fig.7 shows the results computed for a typical bead therm-

istor having 1 mil diameter platinum-iridium lead wires
each 1 cm long. The three curves have been plotted for
heat-transfer coéfficients which correspond approximately
to conditions at sea level, 60 km and 85 km, and the
radiation intensity has been normalized to give a.1%
temperature rise in each case. Tﬁe supports are taken

to be at the air temperature. At lower levels the bulk
of the vire assu?es'an intermeaiéte temperature and the
thefmistor temperature rise is pot affected significantly
by the length of the leads, pfovided this is greater than
some minimum length. As the air density decreases, more
and more of the lead length becomes involved and event-
ually direct conduction of heat to the supports through

the leads dominates the system.

Examination of (3%.1.8), with typical values substit-
uted, shows that if the lead length 4 1is sufficiéntly.
grgat, the radiation error 62- 920 is practicéily inde-
pendent of the actual lead length and of the support post

temperature. Thus, letting pd-sew we obtain
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80 = 0
. : ' (3.1.9)
o - 2kawq/p +J ephp
2 AThT + 2kawp_
Recalling that p = (2hw/krf%,; q =2 est/er
and 2 = wr° thie can be written as
1 b
2/ e ikt + €A
0, = J. W ¥ sl T (3.1.9a)

13
¥ 3, %
2 2'mk?r?h 7 + hoAq

However for most purposes it will be more convenient to
work with the variables of (3.1.9). These eduations give
the true radiation error of the thermistor when the lead’
leggth has been made sufficiently long to remove the effect
of the support post temperature. If the lead length d
is small, the temperatufe(rise is smaller than that given
by the above equation, but this is not an improvement,

for it mérely reflects the fact that the temperature of the
bead is being influenced by the supports. This "conduct-
ion error" will be discussed further in Chapter 5. Here
we shall merely point out that the minimum lead léngth
necessary to/sufficieﬁtly isolate the bead femperature

from the support temperature increases with altitude.

The behaviour of (3.1.8) when the convective heat
transfer terms approach zero is also of interest. The

- limiting case, when hw= 0 and hT= 0 is readily derived



by an independent analysis, or it may be obtained from
(3.1.8) by the uce of two successive applications of

de L'Hospital's rule.

~ Thus,

]
-7 ; qd + J e'sTAT-
bead supports 2kaw/d

T (3.1.10)

Fig.8 shows the results of computations of this quantity for

various lead wire lengths and various ihermistor effective
diameters. The latter are defined so that AH?=‘er2

(C/F section 2.2), the lead wiré material is 1 mil platinum-
iridium wire, and a reflective coating is assumed on the

thernistor such that esT = Géw f O.l.~

It is seen that although the teﬁperature rise is sig-
nificantly dependent on the bead size, this dependence is
) not aé marked as the dependence on the leaa length. The
latter enters as d2. These observationé are of interest
in the interpretation of the expéfimental tests to be de-
scribed below, where we have reduced the air pressure to
vanishingly small amounts. However the exagt conditions
described by these equations can never be realized because
in them no account was taken of‘heat losses by infra-red
radiation. The modifications, described below, show

significant departurés from this simple theory for lead
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lengths greater than about 0.7 cm in a typicalrcase,

but the general behaviour is similar to (3.1.10).

}.2 Outline of Experimental Tests

As shown in ecuation (3.1.8), the radiation error
depends on a number of factors. To predict thé perform-
ance of a given thermistor in an actual temperature sound- 4
ing we ﬁeed to know all of these factors, for in general
mounting, exposure and environmental conditions will
differ somewhat from those used in any laboratory tests.
Also, we want to be able to estimate the effect of vary-'

ing some of the parameters.

Many of the parameters are geometrical, (for ekample
the cross-sectional area A& of the bead), and can be
measured directly. The remaining ones are hw’ 'hT, eéw’

€ énd k. k is available in handbooks, although it

sT’
can also be deduced from simple measurements as shown in
Chapter 5. ‘Values of the Nusselt number for cylinders,
from which hw mgy be obtained, are available iﬁ the lit-
eraturé on heat transfer for a wide range of conditions,
although not necessarily the exact ones in which we are

interested. Nusselt numbers for spheres are also avail-

able, but to a more limited extent. However, the wide
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depariures from sphericity of many thermistor beads, and
the fact that both of thnese Nusselt numbers depend to some
extent on surface conditions in the pressure range of inter-
est make it preferable to deduce the heat transfer coeffic-
ients from measurements on the thermistors themselves if
possible. Géw and esT deperid on the nature of the re-

flective coatings (if any), applied to the thermistors and

are therefore of basic interest to this étudy.

The basic test was to expose the thermistors to a beam
of radiation of known intensity, under éontrolled conditions
so that the support post tempe}ature’and the long-wave rad-
iation environment (see below) were known. The pressure
was varied to simulate different altitudes and the temper-
ature rises due to the radiation observed as a function of
pressure. No provisions were made to simultaneously sim-
ulate the temperature appropriate to a given pressure alt-
itude, nor to simulate the motion of the tﬁermistor through
the air, as in a rocketsonde descent. The temperature
effect, which is discussed in Chapter 10, is minof comp-
ared to that of the pfessure variation. The effect of the
motion has been studied separately and is discussed in
Chapter 8. We will note here that this is negligible
above a pressure altifude of about 50km for these small

thérmistors, but is considerable at sea level.
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This test was broken up info two parts, to enable the.
separate contributions’ due to radiation falling on the bead‘
and the lead wires to be studied. In the first pa}t the
radiation was allowed to fall uniformly on both thé‘bead
and the whole of the thermistor leads. In the second part,
the radiation was confined to the bead and only a very short
section of the-lead wires adjacent to it. Ideally, of
course, the radiation would have been confined to the bead
alone, but this was not practicablé with beads of such.
small size. An equation to describe the temperature rise
of the thermistor bead under the conditions of the second
part may be derived in an anaiogous manner to equation
(3.1.8), by making use of the fact that the temperature

and heat flow in the wire must both be continuous at the

boundary of the irradiated section. The result is

1 - sech pA + tanh pdltanh PO .
2kawq/p ( tanh pdl + tanh pa - )+ Je'sTA']T
°2" %20 A + 2ka.p coth pd -
T°T wP P

(3.2.1)

where d1 is the length of the shaded part of each lead:
wire and A the irradiated length of each lead, adjacent

to the bead. (3.1.8) is, of course, a special case of

Q.(3.2.1).
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The long-wave radiation environment was controlled by

surrounding the thermistors with a blackened enclosure of
known, uniform, wall temperature. This wall temberafﬁre
rdetermined the air temperature. " The mounting of fhe ther-
mistors was arranged so that tﬁe tehpérature of the supports
was alsoAkept eqﬁal fo the enciosure wall temperature. -
Under these pafficular»cqnditions the contribution of the
long-wave radiation to the heat balance was significant
only at very low ﬁressures, and appeared as an additive
term to the heat transfer with the air. The latter is

shown as follows.

The long-wave radiant heat loss from any element dA

of the thermistor surface is given by
. 4 4
CLq—'(T - Ta ) dA

where Ta is the common temperature of the air and the
enclosure walls, €, the emissivity and T the temper-
ature of the surface element. For small temperatufe ex-

cursions this can be closely approximated by
w3
4%rT§T—TQ<M'
where T 1is an appropriate mean temperature.

Hence the net heat flow per unit area for unit temp-

~erature differencg due to long-wave radiation is 4€AVT3'

-
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One can therefore define net heat transfer coefficients

incorporating both radiation and convection as

* _
h“.' = hW + hw
» - T . (302.2)
' =3
where hw" 4 Qtwa
L 3

In the experiments using the enclosure, the quantities
h, and h; appearing in the equations (3.1.8) and (3.2.1)

are to be replaced by h; and K} .

By carrying out the two radiation tests under high vac-
uun it was possible to deduce the short-wave reflectivities
esw and esT' To do this, aknowledge.of‘ elw and
elm was required. These were available in some instances

from independent tests to be described in Chapter 6, in

other cases assumed values were used. The quantity

hTAT + 2kaﬁp coth pd

N

which appears as the denominator of the right hand sides of
(3.1.8) and (3.2.1) is.a physically significant quantity
called the dissipation rafe, K.. K 1is readily measured
independently as a function of pressure, as described in’

Chapier 4. If the measured value of K, rather than the
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computed value is used in equations (3.1.8) and (3.1.2)

vhen solving for esw and eBT’,

less dependent on the assumed values of hany of the'para-

the results are much

meters, including €, ., ?LT’ k, and a . Inall

cases this latter proceéure was used.

Having obtained € oy and e'sT’

coefficients hw and hT were deduced for some of the

the heat transfer

thermistors as a function of pressure, by making use of
equation (3.1.8) and the measured vélues of K. These
quantities were only obtainable by this method over the
pressure range of about 10 mm mercury to 0.02 mm mercury,

but this was the main region of interest in this study.

3.3 Description of Apparatus

(a) Measuring Circuit

The measurement of thermistor beg@ temperature is
equivalent to the measurement of its resistance. In
choosing a suitable bridge circuit to do thishcertain
requir;;ents had to be kept in mind. Firstly, it was
desired to make recordings of the thermistor resﬁonse to
certain tesfs on a strip chart recorder. Secondly, the
cﬁrrent through the thermiétor,had to be controllable and

substantially constant during a measurement. Thirdly,

provision had to be made for recording both‘very small



temperatur; changes, and changes of several tens-of
degrees - the latter producing chanées approaching an
.order of magnitﬁde in resistance. Forthly, provision
had to be made to accommodate thermistor resistances

ranging from about 7000 ohms to 250,006 ohms.

The circuit used is shown in Fig.9. It was basic-
ally a series circuit in which the current was kept sub-
stantialiy'constant by using a suitably large resistor
in series with the thermistor. The voltage developed
across the thermistor was then proportional to the resist-
ance. A variable bias voltage source was provided which
allowed the difference between it and the thermistor volt-
age to be presented to the recorder, rather than the
total voltage. In this way, small temperature changes
could be made to cover the whole of the recorder chart,
the degree of amplification being adjusted to suit the
particular need. A decade resistance box was built in,
covering O to 1.11 megohms in 1000 ohm steps. This
could be switched into the circuit instead of the thern-
istor, to provide calibration marks on the recqrder
chart. Current was monitored on the second channel of
the recorder by recording the voltage across a standard
resistance in series with the thermistor. In addition,

the vaiue of the current could be measured precisely by
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measuring the voltage across a second precisibn resistor
with a Leeds and Northrup poténtiometef. This éircuit
was preferred over a standard Wheatstone Bridge because
the current could be more readily regulated under' vary-

ing load conditions.

The recorder used was a Sanborne "Twin-Viso" strip
chart recorder, having a maximum sensitivity of 5 milli-
watts per cm deflection. A range of speeds from 0.5 -
mm/gec to 10 cm/seé was available and this, together
with a rise time of less than 13 mil}iséc enabled ade-
quate recordings to be made of the response of all the

thermistors tested.

Because of relaﬁively high thermistor impedance and
the need for high amplification in some cases, adequate
shielding against 60 cycle hum pickup had to be provided
for all parts of the measuring circuit and connecting

cables.

{b) Vacuum System

.~ As shown in Table 1, Chapter 1, a range in atmo-
spheric pressure of from 760 mm mercury down to less
than lo-zmm mercury is encountered between sea level

and an altitude of 30 km, and this range of pressure
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had to be available for the laboratory tests. In add-

4

ition, a vacuum of at least 10 ‘mm mercury had to be

achieved for the meésurement of the reflectivities, and
also for the work to be described in Chapter 6.  This
did not involve any particular problems provided ﬁhat the
basic.principles of good vacuum practice were observed.
Several general reference books were consulted on this

subject, perhaps the most useful was that by Guthrie and

Wakerling (1949).

The system was built around a Cenco 17 inch pump
plate. This plate had a 3% inch hole in the centre de-
signed for ihe possible installation of a large diffusion
pump. A bolt-on flange having aﬁ inlet pipe for a mech-
anical pump wés péovided to covér this hole. The latter
was not used, instead one of the accessory holes near the
perimeter was drilled out and tapped with a 1 inch pipe
thread into which the plumbing for connection of the mech-
anical pump and the vacuum gauge was screwved. This allow-
ed the central part of the pump plate to be used for the
mounting of a window to admit radiation into the system
from below. The vacuum pump was a Cenco Hyvac~i4 two
étage 0il-filled mechanical pump. It was connected via
a short length of 1 inch I.D. rubber vacuum tubing to a

bellows seal high vacuum angle valve, and thence to the
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pump plate via short lengths of l’inch copper tubing and
1 inch wrot copper golder fittings.~ When used with a
Cenco 15 inch aluminum bell jar, this pump was able to
achieve a vacuum of 2 to 3 x 10~ mm mercury. ~By‘seal-
ing off the bell jar from the‘vacuum pump with the angle
valve, and admitting air.to the system through a release
valve situated in the pump plate, intermediate pressures

up to MSL could be obtained.

A Cenco "Supervac 0D-25" o0il diffusion pump'was used
for tests requiring pressures sufficienfly low that the
effect of the air on the thermistors‘could be neglected.
This pump was also mounted near the perimeter of the pump
plate rather than in the usual position at the centre.
Another of the accessory holes was drilled 6ut to 1% inches
and a special flange was made up which allowed the diffus-
ion pump to be bolted to the pump plate directly underneath
tﬁis. Vacﬁum seal was achieved by incorporating an "O-ring"
seal in the flange. An aluminum baffle was made to fit
over the outlet hole to the diffusion pump,. Its main pur-
pose was to condense any oil vapour which might otherwise

have found its way into the bell jar.

When the diffusion pump was being operated, the mech-

anical pump was used as the baékihg pump, and was therefore
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connected to the vacuum system through the former fgther
than directly. The change-over was facilitated by the use
of Cenco vacuum couplings and a short length of rubber tub-

ing. A pressure of less than 2 x 1072

mm mercury was ob-
tainable without difficulty. This was reached within
about 4 hour of switching on the diffusion pump heater,
except that somewhat longer was required'if the vacuum sys-
tem had been opened to atmospheric preséure for a prolonged
period. With this set-up there was no provision for vary-
ing the pressure, so the majority of tests were carried
out using only the mechanical punp, . connected through the
angle valve as described above. In the latter case, the

unused diffusion pump remained in the system, but its out-

let was sealed off with a plug.

A certéin amount of research had to be conducted into
the question of obtaining the most suitable vacuum gauge,
because the common types did not adequately cover the whole
pressure range between atmospheric and 10-4mm mercury. A
McLeod gauge was tried for a brief time but it was found to
be highly inconvenient when it was desired to vary the
pressure in steps. Also the range of accurate‘éressure
feadings wésblimited. The gauge finally adopted was an

Alphatron type 530, manufactured by the Natipnal Research

Corporation. This gauge had 7 linear ranges, in decade

49



.90

3

steps from 0 - 1000 mm mercury down to 0 - 10”“mm mercury.
The gauge head was installed via a ‘T, junction at the sanme
point fhat the connection to the mechanical pump entered

the pump plate. A vacuum angle valve was installed between
the gauge and the vacuum chamber, ‘because it was desireable
to keep the gauge head sealed under vacuum when the rest of

the sysggm was to be opened to the atmosphere for any length
of time. The combined length of 1 inch copper tubing and

fittings between the gauge head and the vacuum chamber was

‘14 inches, which should have been short enough to allow

- representative pressure readings even at the lowest press-

ures.

Some initial trouble was experienced with this gauge,
for the system would not pump down to much less than lo'zmm
mercury. The trouble was found to be outgassing of a
faulty part in the gauge head. It should be noted that
unless a gauge will pump down to considerably less than the
lowest pressure desired to be measured there is no guarantee
that its readings willvbe accurate. This is because the
presence of leaks, outgassing, or faulty design of the
connecting tubes can result in quite differentlbressures
5etween the gauge head and the be;l jar. After the faulty

part had been replaced by the manufacturer no more trouble

was experienced, and the system could be puaped down to



a gauge reading of less than 2 x 10"5

mm mercury with the
diffusion pump. A calibration check was carried out by
the manufacturer at the time of this repair, so that pres-
sure measurements made during the course of this study

should have been accurate to the rated tolerance of 2% of

. full scale on each rangs.

The entire vacuum system was mounted on a rigid struc-
ture made from plywood and "Dexion" slotted angle. This
. greatly simplified the installation and adjustmént of the
radiation source and other equipment to be described below.

A general view of the equipment is shown in Fig.l10.

(¢) Radiation Source

The ideal radiation source would have produced a
parallel beam of radiation whose intensity and spectral
content accurately matched that of the sun at the altit-
ude concerned. In recent years elaborate solar simulat-
i;n systems have been constructed iﬁ connection with the
aeve10pment of space vehicles. See, for example, Mann
and Benning, (1963). In many of_these applications,
close spectral duplication of solar radiation is necess-
ary for such studies as the effect of the radiation on
the durability of certain materials, and/or the exact

duplication of the degree of parallelism of the radiation
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is necessary in order to study the thermal gradients induced
at the edge of shadows. .Almést witﬁdut exception these
systems are elaborate and costly. In the present study it
vas decided that somewhat more modeéﬁ requirements would be
sufficient.,‘ The heat absorbed by the thermistor is an in-
tegrated function combining the absorption at each wave-
length interval and the spectral intensity of thé radiation
over the same intervéls. Provided the absorption does not
change much over the wavelength of the radiation there will
not be much difference in the hea£ absorbed for two beams

of differing spectral composition but equal integrated inten-
sity. The surfaces of the thermistors to be tested were
either black, or relatively bright metals, such as alumin-
um and platinum. Fig.1ll, taken from Turner (1962),

shows that over the wavelength range of solar radiation,
0.?,0 to 2.?*», the reflectivity of freshlj deposited al-
uminum films varies only a few percent. The same is true
of polished platinum, so one would not expect the response
of a thermistor to depend too critically on the spégt;al

composition of the radiation.

With these considerations in mind, a tungsten fila-
ment lamp was chosen as the radiation source. It was a
Sylvania type DEF 21.5 volt, 150 watt projection lamp,

primarily intended for 8 mm movie equipment. This lamp



54

0

’—'—'—""‘\/
o-s}
- E— 1 2 5 10

Wavelength in Microns.

FIG 11 REF'LECTANCE OF FRESHLY DEPCSITED ALUMINUM FILM.

Perforated End |

g AN\

Quartz Lens

- Louvres
L jounes

\
|

Lamp //

e

— -

FIG 12. SCHEMATIC DIAGRAM OF RADIATION SOURCE.



. 3\
type has a very'compact, robust filament which operates
at a somewhat higher colour temperature (about 3300°K)
than higher voltage projection lamps. Even so, the

spectral distribution varies significantly from that of

the sun (colour temperatﬁre ~6000°K).

To form a paralle1 beam of radiation of sufficient
intensity a simple lens system was used. This consisted
of two 11 inch diameter double convex quartz-elements in
a simple mount which facilitated focussing. Quartz was
chosen rather than regular optical glass to prevent aﬁy
further distortion of the spectral content beyond that

caused by the lamp envelope.

This type of projection lamp has a built-in fefiec-
tor, which was not used in the optical system. A rlate
with a T7/16 inch aperture was installed very close to the
lamp, on the lens axis, to cut off the majority of the
radiation'from this reflector. Any remaining radiation
from this source was highly divergent after passing through
the lens, and conseqﬁently of negligible intenéiﬁy in the

plane of the thermistor.

The lamp was installed in an aluminum housing includ-
ing a small blower for cooling and a transformer for the

21.5 volt supply. Because of the finite size of the fil-
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aﬁent a strictly parallel beam was nof possibie. The best
‘results, including evenness of illﬁminafion over a 1} inch
circle in the intended plane of the thermistor, were obtain-
ed when the image:of the laup filament was in focus on a
screen at a distance of about 12 feet. In this condition
the intensity of the radiation was about 4 cal c:m'zm:i.n"l
at the thermistor. To provide a meaﬂs of reduéing this
intensity without altering the filament temperature a .small
motor was.installed, to which was attached one of a set of
chopper disks. These choppers had six blades, with ang-
ular widths such that when they were rotated at 3000 rpm in
the radiation beam the latter was reduced to %, 4, or %
'intensity, dependiﬁg on the disk used. For the majority
of the tests, the %x disk was used so that the intensity
of radiation falling on the thermistor was approximately
that of the solar constant. ‘

A schematic diagram of the radiation source is included

(d) Thermistor Mounting, and Other Accessories

As noted above, the thermistors were mounted inside a
copper sub-enclosufe during the radiation tests. This en-
closure had several functions. (i) The enclosure walls deter-

mined a stable, steady air temperature, free from fluctuations~”



due to convection. (ii) It provided a heat sink for
radiation not intercepted by the thermistor. (iii) 1Its
blackened inner walls provided a unifofm long-wave radiat-
ion environment of known black-body intensity during the

tests.

The enclosure was simila; to the one used in the cal-
ibration tests, except that ventilation holes were pro-
vided for evacuation, and a small viewing port was pro-
vided to facilitate final alignment of the radiation beam
on the fhermistor. The two énds of the enciosure were.
removeable. The top end carried the thermistor, mounted
between two copper support posts \3/64 inch diameter and
¥ inch long. An exploded view of the thermistor mounting
is shown in Fig.l3. This arrangement was useq to maxim-
ize the thermal conduction between the thermistor support
posts and the enclosure walls, so that these two points
were always at the same temperature. Each thermistor to
be tested was mounted on its own individual end plate and
mount, complete with shielded electrical connector. The
thermistor beads weré centered with respect to the end
plates by holding the latter in a lathe chuck aﬁa bring-
ing up taiistock'centre. However a final adjustment was

permitted by the use of oversize mounting holes in the

end plates. The distance between the thermistor support
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FIG.13a. Mounted 5 mil Thermistor.
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F1G.13b. EXPLODED VIEW OF THERMISTOR MOUNT.



posts depended on the lead lengths available, but was

usually between 2 and 3 cm.

The lower end of the enclosure was a baffle contain-
ing either a hole or a 3/16 inch wide slot, depending on
the type of radiation test (see above). A second baffle
plate was mounted on this so that when the whole unit was
assembled, the latter was % inch to 2 inch from the thef-
mistor. This second baffle had either a slot 3/32 inch
wide or a 2 mm diameter hole, and was intended to define
the radiation falling on the thermistor. The slot could
be changed in length and was generally made to be 1 mm
shorter then the total length between the thermistor sup-
port posts. It thus allowed radiation to fall on the
thermistor and substantially the whole of its leads, but
not the support posts, while the baffle with the.hole
confined the radiation to the bead and only short lengths
of lead wire adjacent to it. It wasnnecéssary to place
these baffles close to the thermistor because the rad-

iation beam was not perfectly parallel.

The lower surfaées of all these baffles were of high-
ly polished aluminum. The upper surfaces (facing the
thermistor) were blackened with flat black paint, as
vere the internal walls of the ehclosﬁre and the thermis-

tor mounts. Fig.14 shows a photograph of the enclosure
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FIG.14. Thermistor Enclosure and Baffle.

F1G.15. Enclosure Mounted on Pump Plate.
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with the "hole" type baffle plates, and a mounted therm-
istor. Fig.15 shows the enclosure:mounted on the pump

plate.

Note that although the enclosure is small, it is

very large compared to the thermistor diameters.

The flange supplied with the pump plate, 'énd intended
for connection of the vacuum pump; was modified to take a
‘1% inch diameter window of fused guartz, ¢ inch thick.
Construction of the vaéuum seal used for this window is
shown in Fig.16. The lower O-ring was not a vacuum seal
but served as a convenient means of clamping the window
without having any metal to glaés contact. A camera shut-
ter was mounted below the window, and below that foﬁr circ-
ular baffles, which are also shown in Fig.l6. These were
intended to prevent stray radiation and heat from the source
from reaching thé pump plate and'causing unsteadiness of
the ambient temperature. Since the shutter aperture was
only 2 cm it could‘not be ﬁsed for tests requiring more
than 2 cm of lead wire to be irradiated. In theée cases
it was removed, and a hand operated metal slide used.

The assembly underneath the pump plate can be seen in Fig.1l7.

A high-vacuum electrical feed through was installed in

the pump plate. In addition to 3 ordinary shielded wires
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for thermistor circuits etc, 4 channels were used for two -
thermocouple circuits. Thevc0pper énd constantin leads
of these thérmocouples passed continuously through tubes
in the feed-through so that no errors could be introduced
by temperature differences between the inside and outside

of the vacuum chamber.

One of the thermocouples was used to monitor the temp-~
erature of the enclosure walls. It was soldered to the
latter on a level with the thermistor. A Weston Induct-
ance Amplifier and a Esterline Angus 0-1 milliamp-recorde;
were used to display the output. An ice bath was used‘for

the reference junction.

3.4 Procedure

Once the apparatus had been built and set up the carry-
ing out of the radiation tests was very straightforward,
although time consuming. A good deal of trouble had been
taken in the design and construction of the equipment to
assure representat{ve, reproduceable reéﬁlts, énd this ~
trouble proved to be well wortawhile. In general all ther-
mistors were subjected to the same procedures, except that

some variation in lead lengths was allowed.

The first step was to photograph the thermistor bead



© 65

wiﬂh a Spencer photomicroscope. The regular sub-stage
illuminator was used to produce a silhouette of the bead.
Some exampies of these photomicrographs were given in Fig.2,
Chapter 2. A 0-1 mm scale was photographed using the
same magnification to give a calibfation. The silhouette
was then traced on to mm graph paper and the outline div-
ided into strips 0.4 mm wide. The lengths of the strips
were summed, and from this and the calibration the cross-
sectional area of the bead was found. The total area,
and volume were then estimated on the assumption that the
beads were prolate spheroids. Thué, the semi-minor axis
b was measured from the photomicrogréph, and the effect-
ive semi-major axis a deduced from the cross-sectional

area A} and the relation

AT = Tab.

a was usually 5-10% shorter than the actual meaéured
semi—méjor axis as a result of distortions where the lead
wires joined the bead. The total area AT was then com-

puted from the formula

2 1

Ap = 27D+ 2«%’- sin~te

, bl
where e= [1- pr

n



The volume was computed from the formula -

As far as could be judged, the cross sections perpendicular
to the major axes were reasonably circular, It is felt
that the areas and volumes estimated in the above manner .

were correct to 5-10%.

The thermistors were next mounted between the ends of
the support posts on the mounts described above. Because
of their very small dimensions this required considerable
patience and care. One difficulty was the need to have the
thermistor bead réasonably well centered between the posts.

Another was the fact that many of the tnermistors as
supplied had lead lengths only fractionally longer than the
distance between the support posts. It was also considered
imperative not to handle the thermistor or its leads with
the fingers, for this would almost certainly have resulted

in deterioration of any reflective coatings.

~ The above work was greatly assisted by the use of an
8 inch by 5 inch glazed porcelain plate as a working sur-
faée. ‘This pro&ided a good visual background, and could
also be kept perfectly clean to prevenf contamination 6f
the thermistors by dust and grease. 'Illumination was

provided by a Tensor model 5975 high-intensity lamp.
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Manipulation of the thermistors was carried oﬁt by using
various dental type probes. The eye of a sewing needle
was also found very useful. A low-power magnifier, and
a variety ofNjeweIer's loupeé, were also useful aids.

The leads were soft-soldered to the support posts, using
a small soldering iroh. Soldering was possible but diff-
icult with rosin or paste flux, but very simple with
stainless steel flux. In the latter case, however,

great care had to be taken to avoid any possibility of

the flux contaminating the bead or the lead wires, with
ruinous effects on any'surface coatings. After soldering,
the joints but not the beads were washed in clean water to

remove all traces of flux.

After centering the thermistor bead with respect to
the enclosure end plate (see 3.4(d)) and making electrical
connections, optically flat black paint was applied to
any surfaces of the end platé or mount likely to reflect
radiation. When thoroughly dry, the mount was installed
in the enclosure. Finai centering with respect td the
baffles was’accomplished by eye, 1looking through the baf-
fles while the thermistor was illuminated from fhe side
fhrough a small hble in the enclosure wall. The enclos-
ure was then mounted in the vacuum chamber and the system

evacuated with the mechanical pump.
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After the system had been evacuated for some time the
tests were commenced. A measuring current small enough
to cause only a very small self-heating temperature rise
in the thermistor was applied and the measuring circuit
balanced. Resistance calibration marks were applied to
the recorder chart by use of the built-in resistance bog,
the thermistor switched in again, and radiation applied
by opening the shutter. After the thermistor was steady
again at the new temperature the shutter.was closed. A

typical response is shown in Fig.18.

4

The pressure was then increased to the next desired
point by closing off fhe»angle valve to the pump, and
admitting a little air through a release valve in the pump
plate. As the_pressure was increased, the gain of the
recorder had to be increased from time to time to maintain
a suitably large deflection. It was convenient to apply
fresh calibration marks toithe fecord for each test rather

than only after each gain change.

.ATo conserve lamp life, the radiation source was
switched off between tests.  About 3 min prior to the
~next radiation test the iamp‘was switched on at reduced
voltage (by using a variac), and brought ﬁp to full volt-

age about 1 min prior to the test. In this way lamp life
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was prolonged, and errors due to a small change in output
as the lamp heated up were avoided.‘_ A Sola constant-—~

voltage transﬂormér vas used ahead oflfhe variac to ensure
that the variac settings represented the same voltage in-

dependently of supply fluctuations.

In all cases, the first run was the "bead only"
type of test, using the baffles with circular holes.
When the last test, at atmospheric pressure, was com-
pleted the diffusion pump was coupled into the system and
the test repeated at the highest possibie vacuum, Atmo-
spheric pressure was then let in and the baffles changed
over for the "whole leads" tests. This was carried out
under the high vacuum, again using the diffusion pump.
Finally the diffusion pump was removed from the pumping
system and the mechanical pump used to éomélete the tests

at the desired pressure intervals.

At high pressures the temperature rise under the
radiation was only a few tenths of a degree. When per-
forming the "whole of leads irradiated" tests, especial-
ly at pressures above 10 mm mercury, the temperétufe of
tﬁe thermistor did not completely level off, but contin-
ued to rise slowly so long as the radiation was on.

This was due to heating of the thermistdr enclosure and

the éﬁpports by the radiation passing through the baffles
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and not absorbed by the therﬁistor. ;The rate of ﬁehper-
ature rise due to‘ﬁhis effect wés always very small com-
pared go the thermistor's rate of reéponse to the radiat-
ion. The procedure was adopted of measuring the temper-
ature rise approximateiy five time constants after the
onset of radiationm. At that time the thermistor would

- have been within less tﬁan 1% of its equilibrium value,
yet the contribution to the femperature rise due to the
heating of the enclosure was still negligible. The same
effect was noticeable in the thermécouple records of the
enclosure temperature when tests were being carried out
at lower pressures, but it was so small compared to the
thermistor temperature change that it was not discernable

in the output of the latter.

In general, other tests were carried out at the same
time as the radiation tesfs. For example the time const-
ant (Chapter 7) was measured along with the "bead only"
tests, and the dissipation rate (Chapter 4) was measured
on the same runs as tﬁe "whole leads" tests. In some
cases, when only the reflectivities were of interest,

only the tests at high vacuum with the diffusionNPump were

performed.
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3.5 Calibration of the Radiation Source

To obtain quantitative measurements, the intensity of
the radiation falling on the thermistor was required. This
was measured by sﬁspénding an Eppley Pyrheliometer inverted
over the window in the pump plate. The thermistor enclos-
ure was removed and the sensitive element of the Pyrhelio-
meter carefully centered on the window at the position norm-
ally occupied by the thermistor. The shutter was removed
for this test, as its maximum aperture was less than the
area of the Pyrheliometer. The output of the Pyrheliometer
was measured with a potentiometer and converted to cal cm"zmin"1

using the calibration furnished with the instrument.

This procedure gave the mean intensity over the area of
the 1 inch diameter Pyrheliometer disk, and although the in-‘
tensity of the illumination appeared even to the eye when
viewed on a white paper screen there was some concern about
whether this value applied at the actual position of the
thermistor bead. However an independent check was avail-
able in the observations of the response of black thermistors,
including a thinistor, described below. The fact that the
recyfded tmeperature rises were consistent with those expect-
ed of black bodies under the assumed radiation intensity con-

firms the assumption that the radiation was . in fact uniform.

~
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Since it was well known that a fungsten filament lamp
gradually declines in output throughout its"life, the out-
put of the radiation source was checked in the above manner
with the Eppley Phyrheliometer from time to time during the
course of the experiments. By keeping an approximate log |
of the minutes of operation of the lamp at full voltage it
was possible to plot the lamp output vs cumulative operat-
iné‘time. Fig.l9 shows an example for one of the lamps.
F;om this graph the actual output at the time of a given ex-
periment coﬁld be readily interpolated. Where a chopper
disk was employed, the calibration was performed with the
disk in operation. The lamps were changed after about 15
hours use to aviod the possibility of failure in the middle

of a run.

3.6 Results

(a) Physical Characteristics

Table 2 shows the results of the estimation of the
dimensions, areas, and volumes.of the bead thermistors
used in the radiation tests, as described in section 3.4

above. These quantities will be needed in later discus-

‘sions.
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_ 'TABLE 2. Physical Characteristics of Thermistors

Number Type

-3
64
G-5
G-6
G-9
G-10
G-11
G-12
G-17
G-8
F-1
F-2
F-3
VB-1
VB-2
GB-2
vésl

~ V5B2
R-1

T-1

X2047

"

"

1500

41A5

—~

45CD5
TX1718

FN1AS5

Nom.
Diam.

mils

15

"
"
"

15

”n

Minor

Diam.

mils

18.3

14.8
12.4
15.6
15.6
13.5
16.0
14.9
12.2
11.8

13.2

13.2

14.4
10.1
10.7
14.9
4.7
4.6

10.1

‘a
cin
2.64
2.28
2.18
2.34
2.28
2.11
2.28
2.44

2.03
1.65

3.00

2.96
2,48
2.19
1.94

"2.75

1.18

1.16

1072

b
10
cm

-2

2.33
1.88
1.58
1.98
1.98
1.72

2.03
1.89
1.54
1.50
1.67
1.68
1.83
1.29
1.36
1.90
0.60

0.59

.
WERE
- émz sz
1.94 T7.45
1.35 5.08
1.08 3.94
1.45 5.52
1.42 5.42
1.14 4.30
1.45 5.99
1.45 5.58
0.98 3.64
0.78 3,01
1.57 5.47
1.56 5.43
1l1.42 5.30
0.38  3.11
0.82 , 3.00
1.64 6.00
0.22 0.76
0;21 0.73.
35.1 116
6 152

A

Vol.

1072
3

cm

6.00
3.38
2,27
3.84
3.74
2,62

3.94
3.64
2.03
1.55
3.50
3.49
3.48
1.53
1.50
4.15
0.18

0.17

15.5
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(b) Temperature Rise as a Function of Pressure.

-The results presented in this section are strictly the
results of the experiments. Their implications for actual
temperature measurements in the atmosphere will-be discussed

in Chapter 11.

Fig.20 shows the observed temperature rise of a Gulton
X2047 15 mil (nominal) bead thermistor as a function of
pressure. This thermistor had a vacuum deposited aluminum
csating of relatively high quality (see below) on the bead
and presumably over much of the lead wires. The temperat-
ure rise has been corrected to a radiation intensity of
2.0 cal cm°2 oC_l. The temperature rise in still air is
seen to be fairly constant ffom atmospheric pressure down
to about 3 mm mercury. This reflects the constancy of the
convective™ heat transfer coefficients in the region. At
pressures below 1 mm mercury the temperature rise increases

quite rapidly with decreasing pressure. The levelling off

below about 0.02 mm mercury is due to the combined effects

* Strictly speaking the term conduction should bé'used here
instead of convection, but the latter will be retained to
provide continuity with other parts of this work, and to

:avoid confusion with heat conduction in the lead wires.

16
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of heat conductibn in the lead wires and long-wave rédiation
exchange with the enclosure walls in dominating ;he heat bal-
ance of the thermistor, rather than convection. Under

these circumstgnces the results are heavily dependent.on the

particular mounting conditions, ihcluding the lead lengths,

used in the experiments.

It is immediately apparent from the diffe;ence between
the two curves of Fig;20 that the temperature rise is strong-
ly influenced by the radiation intercepted by.the lead wires.
Thus, without even taking into account the fact that a
short length of lead wire is still included in the "bead
only" tests one can see that the lead Qires in this partic-

ular case contribute more than the temperature rise of the

bead alone at 0.10 mm mercury and more than twice the temp-

erature rise of the bead alone at 0.01 mm mercury.

- The proportional contribution of the lead wires is
less at higher pressures. In the above example the observ-
ed temperature rises at sea level pressure were 0.30°¢C
with only the bead irradiated, and 0.42°C when-the whole

thermistor was irradiated.

As mentioned in section 3.1 the effect of the radiation

" on the lead wires of these small bead thermistors has not

received much attention previously. There is much discussion
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of the effectiveness of various bead coatings in reducing
the’radiation error but no consideration appears to havg
been giver to the refleétivity of the lead wire surface.

An éxample of what can happén is given in Fig.21;wﬁich
shows the effect of radiation on two 15 mil (ﬁominal) ther-
mistors of the same manufacturer, but of differing>type.
The thermistor G-5 was a Gulton X2047 thermistor with a
relatively good aluminum coating. G-8 was a Gulton'type
L500C thermistor in which the bead had been aluminized and
and then given a quartz coating, sresumably to éreserve
the aluminum coating. The leads, however, had been tin-
ned to facilitate soldering, and this tinning, which ex-
tended over the whole length, had not taken well and vis-
ually appéared very dull. The lead lengths and-mountings
used for the two thermistors were similar. Obviously the
rather more elaborate treatment given the L500C thermistor

bead was more than nullified by the dirty lead wires.

The'response of an ﬁncoated thermistor to radiation
is also of interest. The uncoated beads are black, so
that one would not normally want to,ﬁse an unshielded ther-
mistor of tﬁis type in the atmosphere, but they.provide a
kind of "limiting case™ for the radiation errors. Also
it is possible to compute from the observed response the

errors which would result if a coating of given reflectivity



Rise, °C.

\ li—‘ v L BEmam e s | 1 Y 1
50°bo NUMBER ~  G-5 G-8 i
‘ TYPE ' X2047 L500C
- COATING Al " AllQuartz
.LEAD LENGTH 1-30cm 1-20cm
40°r J=2-0calcm*min™
. -
G-8
30° T
I Q,

Temperature
N
o
]

6 O*

10 \ \ -
L \+\ o\
° [ ST W | N & & t 3l .*ﬁ‘.‘"..—:ﬂ‘ s oo cxgmmmnp——r iy g -4
Yoz 01 ) 10 10

Pressure, mm Mercury.
FIG 21. MEASURED RESPONSE OF THERMISTORS TO RADIATION.

30

08



81

was aﬁpiied. For example, if the temperature rise ob-
éer&ed in the "bead only" tests is coneidered to be the
contribution of the black bead to the temperature rise
for‘the complete thermistor, then a reflectivé coating

of 90% reflectivity would reduce this to 104 of its form-
er value. Similarly the contribution of the lead wires s
given by the difference between the "whole leads" respoﬂse
énd the "bead only" response and this too is proportional
to (1 - reflectivity). Assuming that thé reflectivity

of the original lead wires has been calculated it is there-
fore possible to deduce the lead wire contribution for
other reflectivities. Of course these estimates would
have to be based on the assumption that the coating would
not aﬁpreciably change the physical size or the heat-flow
characteristics of the thermistors, so they would have

to be treéted with due caution.

Pig.22 shows the observed response of two uncoated
thermistofs. ' GB-2 is a Gulton 45CD5 15 mil type and
" V5B-1 a Veco TX1765 5 mil thermistor. Hote that this
time a logarithmic scale had been used. The rather high
temperature rise of the‘smaller thermistor at véry low
ﬁressures wés dué in part to the fact that this type of
thermictor had 0.7 mil dismeter lead wires compared to

the 1 mil leads on the larger thermietors and so had a
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smaller rate of heat loss by conduction.

It will be seen that the smaller thermistor has a
smaller temperature rise at high pressures due to its
'éuperior'convective heat transfer characteristics.
This advantage is lost at lower pressures because the
d;mensions approach the mean free path of the air mol-

ecules at an earlier stage.

Another point of interest about fhese results is
the fact that the relative contribution of the lead -
wires to the temperature rise of the 5 mil bead therm-
istor was very great at low pressures, despite the fact
that the bead itself was black. . This is due to the
rather small cross-sectional area of the small bead com-
pared to the area of the lead wires. As a result the
reflectivity of the lead w;;es of the 5 mil thermistors
would be considerably more important ét high altitudes

tﬁan the type of reflective coating used on the bead

. itself.

Fig.23 shows the temperature rises observed yith
an experimental 10 mil diameter aluminum coated rod
thermistor,- manufactured by the Bendix~-Friez Company.
This rod was approx{mately # inch long and was furn-

ished with 4 mil diameter leads of unknown material.
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The rod was mounted for the tests in the saﬁe way as the
bead thermistors, but using a modified baffle to achieve
the "rod only" tests. . The temperature rise at low pres-
sures was much smaller than that observed for the bead
thermistors. Subsequent fests have shown, however,

that this is due to the fact that with the lead lengths
used, conduction of heat through the lead wire$ to the
supports was a doﬁinant item even at moderately high pres-
sures. The results therefore do not represent the true
responge of the rod to radiation because at all pressures
the ieads were too short and thick and of too high thermal
conductivity for it to be a satisfactory'air temperature
sensor. The lead length used in the tests was 1.22 cm
and it is interesting to note that this was considerably
longer than that used in an experimental mount for these

N\

rods supplied by the manufacturer.

Fig.?4 shows the response of a Veco FN1AS "thinistor",
T-1, to radiation. AThis is a type of thermistor having
flat-plate geometry instead of a spherical bead, with
consequent improvement to the surface area to volume ratio.
The size of the flat plate was approximately 3/32 inch
équare, an& accdrding to the manufacturer's specification
0.0008 inch thick. The upper side of the plate had a .

flat black finish. The thinisto: was mounted so that the
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fiat black surface was perpendicular to the radiation.
The length of each 1 mil platinum-iridium lead wire of the

mounted thinistor was 1.0 cm.

To avoid excessive temperature rises during the tests,
fhe intensity of the radiation was reduced to about 4§ of
the solar constant with one of the chopper disks. The ap-
propriate calibration factor was then uséd'to obtain the
values given in Fig.?24. In the case of the thinistor the
contribution of the lead wires to the-temperature rise was
negligible, =0 only one curve is shown. The temperature
rise is seen to be constant in still air down to rather low-
er pressures than was the case for the bead thermistors.

If the thinistor had Been given é éoating of 904 reflect-
ivity wve should expect the still-air temperature rise at
sea-level pressure to be 2%29 = 2.4°C under the same rad-
'iation. This is still much greater than the temperature |
rices observed with coated bead thermistors, but because

the rate of increase of the temperature rise with decreasing

pressure is,}ess, theradvantage of the beads is diminished

with altitude until at around 0.05 mm mercury (about 225,000

ft) the coated thinistor would show a comparable 6r smaller

temperature rise.

The results of measurements of the type described in
this section on a number of~other thermistors will be found

in Appendix I.
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" {c¢)" Reflectivities

The reflectivities of the beads and the lead wires of a
number of thermistors were computed from measurements of the
dissipation rate and the "whole leads" and "bead bnly" temp-
erature rises under high vacuum. Writing these as K{O),
62(0) and 62‘6) respecﬁively we see from (3.1.8) and
(3.2.1) that

_ 4Jr - T ' '

92(0).1{(0) = €. o (coth pd- cosech p'd) + J ésTAT
(3.6.1)
1 - sech p'A + tanh p'd tanh p'a
and 6'(0).K(0) = € 4dr . ! —

P - -tanh p'dl + tanh p'a
.

*J € A (3.6.2)

‘Under the conditions of the experiments, ., = 0

In the right-hand sides of these equations, r was taken as
1.27 x 10'3cm for 1 mil lead wires and 0.89 x 10'3cm for

0.7 mil wires. k was assumed to be 0.31 watt em~L © '1,

C
a value obtained from "Handbook of Chemistry and Physics",

Chémical Rubber Company, P 2254 for platingm-iridium (10%)
alloy. This latter value has been verified independently,

see Chapter 5. Measurements using a microscope fitted with

a micrometer eyepiece have also verified the lead-wire
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. dimensions given.

The quaﬁtity p' = %%' was obtained from (3.2.3)
and an assumed value of Qtw'\ A value between 0.65 and
0.2 was generally chosen for the latter, depending on the
appearance of the wire surface. As pointed out in section

3.2 the values of = ¢ and (A

re not very s itiv
sw € 2 ot very sensitive

to the value of g&w for the range of lead lengths used.

With these assumptions, the coefficients of ehw' on
the right-hand sides of (3.6.1) and (3.6.2) are known, as
are the left-hand sides, thus permitting solution for esw

and € Table 3 shows the results of these computations.

sT*
Information concerning the physical characteristics of these

thermistors has been given in Table 2.

The first 6 were aluminized 15 mil Gulton type X2047
bead thermistors. Like all the thermistors used in this
study they were unuséd, haviﬁg been taken from their orig-
inal packing only immediately prior to mounting. Visually
all of these thermistors‘appeared very bright, with no
discernable flaws in the aluminum coatings. An 9xception
was G-11, the lead wires of which did not appeér as bright

as those of the others.

The mean absorptivity (short—wave) of the 6 beads was

0.16, with a range of over 2:1 of 0.10 to 0.22. For



TABLE 3. Heasured Absorptivities of Thermistors

Visual Condition

Number Nom.Diam. Coating 'esT ‘ e;w Bead- Leads
G-2 15 mil Al .15 .12 good good
-3 15 mil Al .22 .14  good good
G-4 15 mil Al 17 .19 good good
G-5 15 mil Al | .13 .11 good good
G-6 15 mil Al | .10 .15 good good
¢-11 15 mil Al 21 .45 good poor
G-7 15 mil Al/Quartz .86 .63 poor bﬁd
G-8 . 15 mil Al/Quartz .72 .61 poor bad
F-1 10 mil Al .83 .39 bad poor
F-2 10 mil Al .54 .45 poor poor
F-3 10 mil Al 57T .45  poor poor

VB-1 10 mil None .93 .27 black fair
VB-2 10 mil None .95 .29 black fair
GB-2 15 mil- None .88 .31  black  poor
V5B-1 5 mil None 1.07 .31 black  fair
VsB-2 5 mil  sone .95 .30  black  fair
T-1 - - .95 - black exc.

R-1 10 mil Al .08 .13 exc. good



the lead wires, the mean was 0,19 with a rangé of 0.11
to 0.45. Neglecting the obviously poor leads of G-11 the

mean was 0.14.

The values for the aluminized beads are considerably
greater than those given in the literature for'vécuﬁm depos-
ited aluminum films, which range from about 0.08 down to
0.04 for radiatién in the scolar wavelength range. (C/F

Fig.1ll and see also Armstrorng (1965)). Evidently, coat-

ings applied to these small objects do not approach the same

degree of perfection obtainable under more ideal conditions.
The range of variation is aleo of interest for this variat-
ion would ultimately be reflected in the variability of the

radiation error.

Thermistors G-7 and G-8 were Gulton type L500C therm—
istors of nominal size 15 mils. The beads were aluminized,

with a protective quartz coating on top of this. The lead

wires had been,tinned, but this tinning had not taken well,

with the result that there were numerous small lumps of sol-
der and other debris attached to them, and their éverall
visual appearance was quite dark. The aluminum coatings .
on both these thermistors looked poor under a low, power mag-
nifier, in‘pgrticular the bead of G-7 appeared to have a

black area where the aluminum was missing. The measured

reflectivities confirm these observations. A good deal of

91



the apparently low refiecti#ity was no doubt a result of the
effective increase in area caused by the foreign matter on
the lead wires. In particular, there.was'a large piecé of
debris adjacent toAthe bead of G-8 which would have been il-
luminated together with the bead in the "bead only" part of
the tests. Nevertheless the poor overail performance is
inescapable. | In the case of G-7 it so happened that the
black area was towards the radiation during the“tests. For
other orientations the reflectivity of the bead may have
been much higher but the poor lead wire reflectivity would

still give rise to a large radiation error.

The thermistors F-1, F-2, and F-3 were bead therm-
istors of 10 mil nominal diameter but somewhat greater act-
ual diameter, manufactured by Fenwall Electronics Inc,
These thermistors had been aluminized under vacuum by an'
independent organization. Their overall visual appearanée
was poor, in particular one of the beads, that of F-1,
was dull all over to the point of blackness, while F-2 and
F-3 were quite bright on one side but dull on the other.

As was the case with G-7 a large percentagg of this dull
areé wvas turned towards the radiation in the‘teéts. It
Qas not possible when mounting the thermistors to arrange
for a particular orientation so no particular effort was

made to either avoid or favour these dull areags in the tests.
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The results obtained for the uncoated (black) bead
fhérmistors were very encouraging, because all of the meas-
ured aﬁsorptivities appeared to be very peaéonab1e~values.
Thisyindicates that the system was working correctly, in
particula; that the source intensity measured by the Eppley
Pyrheliometer was representative of the intensity at the
thermistor, for we might equally have assumed a value near

1l for esT. and used this to e§timate J.

The test of the thinistor, T-1, was of partiéular in-
terest because in many respects this resembled a‘convention-
al radiation detector. See for example Strong (1946). A
baffle with a 3/16 inch hole allowed the radiation to fall
on the flat black surface of the thinistor. | Since there
wae no significant contribution from the lead wires it is

poss{ble to write simply
' —
J e Ay = 92(0).K(0)

where 62(0) ie the temperature rise under vacuum for

sTA& watts of radiant power, and K(O) is the electr-

ical power which must be supplied to the thinietor plate

J €

to produce 1% temperafure rise in the absence of the
radiation. Ideally, K(O) should have been obtained by
using enough electrical power to produce the same temper-

" ature rise 62(0) as that produced by the radiation.
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However in the present case £his was not convenient and‘the
temperature rise used for K(0O) was approximately 10°c as
opposed to 55°C measured for 62(0). The heat loss of tﬁe
thinistor\p;été is by thermal radiation and conduction.

6

The latter wats computed to be =3 x 107 watts %1 for two

1l mil leads 1 cm long. Thus, the remainder of the meas-

6watts oC"l was due to thermal rad-

ured K(0) of 45 x 10~
iation loss to the enclosure walls. Denoting this by

Kr(O),- and noting Stefan's law, we see that
3
o<
Kr(Q) T

where T is approximately the mean absolute temperature of
the walls and the heated plate. Since T in the measure-
ment of " K(0) was 305°K and T in the measurement of 92(0)
was 324°K‘the appropriafe correéted value of K(0Q0) to be

used in the computation of esT vas taken as

5watt °c‘1.

3 _ -
(3 + 42. (%%%) ) x 10% = 53 x 10

Using ﬁhis value, and the appropriate calibration factor
for the chopper disk employed, the value of 95% for .-GsT

‘was.obtained.

Similar measurements and computations~were made for the
aluminized rod thermistor R-1. It is noteworthy that this

recorded the best reflectivity of any of the thermistors



tested, .possibly indicating that superior coatings can be_
achieved on the larger bodies. Severai other rods of this
'fype were inspected (but not tested), and all exhibited a

high degree of brightness and uniformity in their coatings.

Vd .

In vieﬁ of the generally disappointing reflectivities
of the thermistors tested a numser.were subjected to close
examination; both under low-power magnifiers and under the
microscope. Under the magnifiers a number of the Gulton
X2047 aluminized thermistors appeared to have black spots
of the type nmoted with respect to G-T above. Mostly these
were of such small area compared with the total bead area
that they were of no consequernce, but out of about 20 beads
of this type inspected two had quite large black areas. of
the four aluminized Fenwall 10 mil thermicstors received,
all had dull areas extending over more than 1/3'of their
gsurface area (including the ones tested above). These lat-
ter areas were of a different nature to the black spots not-

ed above, for they were not so sharply defined.

incroscoﬁic inspection of thne bead surfaces was hamper-
ed for a time by lack of an adequate illuminator, . but to-
wa;ds the end of the project a vertical illuminator became
available. Even so, observation, and barticularly photo-
graphy of the beads was very difficult because of the ex-

tremely curved nature ol the surfaces and the extremely
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small depth of‘chus available when the desired amount of
) ﬁagnification was used. Some improfement‘was obtéined by
using a lower powe;ed objective and enlarging from the neg-
afive but in general only a limited area of the curved bead
surface could be focussed at one time. Some photoéfaphs
of parts of thermistor beads are given in Figs.25-29, to-

gether with brief descriptions‘of the features shown.

/

A study was also made of some of the thermistor lead
»wires, since the reflectivity of these is just as imﬁortant
as that of the beads at high altitude. Under low magnifi-
cation there were noticeable variations in the apparent
brightness of the lead wires of different thermistore, and
"~ even between different parts of the came lead wire. ~Under
the microscope the wires were often found to have numerous
irrégularities; Come photographs of lead wires are given

in Figs.30-32.

No study was made of the possible effects of érolonged
exposure to the air on the reflectivity of the aluminum
coatings. Some workers; for example W.C. Wagner (1965),
have advised storage of the thermistors in an inert gas
pnfil~imqediately prior to use. Thie is probably a worth-
while precaution especially if they may oéherwise be expos-
ed to tropical condiﬁions or even induétrial atmoépheres.

The Gulton X2047 thermistors testedrébove showed no notice-
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FI1G. 25

Ihermistor Tyve:  Gulton X2047, Aluminum coating.

Approx. lM=znification: 200X

Remarks: dajor flaw, “probably in glaes coating, in centre
of photozrapn. Elsevwhere are areas vhere aluminum coat-

ing is miseing or irregular.



FIG, 26

Thermistor Type: Fenwall GB41L10, Aluminum coating.

Approx. Magnification: 200X

Remarks: Photograph chows visually dull area of coating,

with small dark areas showing through.
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FIG. 27

Thermistor Type: Fenwall GB41.10, Aluminum coating

Approx. [ilasnification: 200X

emarks: rig cide of came ermistor chown in Fig.?26.
R T} "Bright" d f th t h Fig.26
Notice emall "dimples" in coating which were obecerved on

all aluninized beads to a greater or lescser extent.
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FIG., 28

Thermistor Type: Gulton X2047, Aluminum coating

Approx. iiagnification: 100X

Remarks: Coating on this bead was visually as near perfect

as any that were examined.
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FIG. 29

Thermistor Type: Veco 41A5, VUncoated

Approx. bMagnification: 400X

Remarks: lotice numerous small imperfections, recembling

pits in the glass surface.
b &
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FIG. 30

Thermistor Type: Gulton L500C, Aluminum/Quartz coating

Approx. ws=2:snification: EOdX

. o |

Remarks: enotograph chows part of "tinned" lead wire of

thermistor number G-8 referred to in text, but does not
include ény of the larger pieces of debris mentioned in

connection with thie thermictor.
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FIG. 31

Thermistor Type: Fernwvall GB41L10, Aluminun coating

Approx. Macnification: 200X

Remarks: Lead wire of thermistor number F-2, fairly cloce

to bead showing irregular globes of aluminum coatine.
) b o o < o



FIG. 32

Thermistor Type: Veco 41A5, Uncoated

Approx. Magnification: 200X

Remarks: lead wire of uncoated thermistor. Visually
-emoother than thoee shown in Figs.30 and 31, but etill

has some irregsularities of 2 type frequently observed.
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able sigﬁs of having deteriorated when removed from their
regular packipg boxes prior to testing. However some which
subsequent to testing were exposed to the oﬁen air in the
laboratory for a few months were significantly less bright

in appearance than the ones stored in their boxes.

(d) Heat Transfer Coefficients

. . ' ‘ .
- Having determined Gsw, eéT, AI’ and AT it was
‘porsible, from measurements of 6, and K to deduce the
heat transfer coefficients. hw and hT‘ ag functiones of

pressure in still air conditions. Thus from (3.1.8)

4 GSWJr

p

- ) .
92f< - J e TAT (coth pd- cosech p'd )

(3.6.3)

and K = 2ka p coth p‘d + AThT (3.6.4)
where we have written

5 T

= Byt lhT

and b’
The left-hand side of (3.6.3) was known, and from it, p*

was determined. Then hw was deduced by subtracting from

h*w the contribution of the long-wave radiation, h'w = 4€bl'a-"f3

-
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By inserting p* in (3.6.4), H} and consequently hq

were determined.

The accuracy of this method at the lowest pressures was

limited by the fact that only estimated values were in gen-

t

. € L] N
eral available for ¢€ and “yp» SO thatw hw and hT

Av
were not well known. In a typical case T = 310°K and
Af  €,=0.1, b' =0.7x 107" This vas comparable with
. : s

hw -or hT at a pressure of about 5 x 10 “mm mercury. By
2 x 10" %un mercury h was about four times larger and the
possibility of error was reduced. For an uncoated bead we
could assume QLT =1 with some confidence, but the poss-
ibility of error was still great becaucse the hea£ lost by

radiation exceeded that by convection for pressures below

about "5 x 10~ %an mercury.

At high pressures the observed temperatﬁre rises were
verj small and in addition the terms 62K and J eSTA&
vere nearly equal, so'again the accuracy of the method be-

came poor. This was eépecially sb with the uncoated beads.

For the above reasons, computations were only made
for aluminized bead thermistors, and at pressures between

2 x 1072

mm ﬁercury and 10 mm mercury. A typical graph of
the function 92K vs presgure 1is shown in Fig.33, to-

gether with the power absorbed by the bead, J 6STA& .

’
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Values for the computations were read off at suitable pres-
sure intervals. Table 4 shows the results for five of the

15 mil aluminizéd Gulton type X2047 thermistors.

TABLE 4. Measured Heat Transfer Coefficients'of Thermistors

4 2 oc-l

(2) h, in units of 107F watt cm”

.  Pressure,

mm Hg .01 ..02 .04 .10 .20 .40 1.0 2.0 4.0 10.0

) - 2.4 6.6 11 21 53 99 131 ..

G-3 - 1.8 4.9 15 32 52 100 160 240 330

G=-4 - 3.3 7.6 16 28 47 89 124 150 170

G-5 - 3.1 5.5 12 25 47 120 160 190 200 -

G-6 1.4 3.5 7.4 16 29 60 140 160 190 220
(b) hp in units of 1074 watt cm~? O¢~t

Pressure,
mm Hg .01 .02 .04 .10 .20 .40 1,0 2.0 4.0 10.0

G-2 l.4 - 5.0 13 21 28 50 - 54 56

-3 - 5.4 8.3 15 2 34 57 13 6 4
G4 - 2.8 4.6 13 29 41 5 98 111 123
6=5 - 3.3 6.2 12 20 33 50 68 -82 90

" G-6 1.0 2.3 3.7 °10 19 29 52 66 T4 85

There was considerable variation between the thermistors,

especially outcside the pressure rénge 0.04 to 2.0 mm



mercury. Most of this variation was probably due to the
inaccuracies of the method at very high and very low pres-
sures as discussed above, but some may have been caused by

real variations in thermistor shape and surface conditions.

Fig.34 shows the mean heat transfer values for the ther-
_mistors of Table 4. - The results for the 1 mil lead wires
agree very well with heat transfer coefficients given in the
literatﬁre for fine wires. See for example licAdams (1954),

Collis and Williams (1959) or Ney (1963).

At very low pressures, the slope of the curves in Fig.34

appfoaches unity, i.e. the heat transfer coefficients become
proportional to pressure as expected in a "free-molecule"
regime. At'higher:pressures, above about 10 mm ﬁeréury,
there is a levelling off. Near atmospheric‘pressure, in

still air, the process is predominantly one of molecular

conduction rather than free convection. This is because of

the small magnitude of the Grashof number for these emall
3 .
%%E. AT where Vv 1is the kinematic

bodies. Thus Gr
viscosity. For a 15 mil thermistor bead with AT = lOOC,

er ~ 10~1

at atmosphefic\pressure. The theoretical ex-
pression for conduction of heat from a sphere into an in-
finite medium of conductivity k is well known. Thus

Q= 4kr(T_ - T,) .
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whence

Q
h = =

.2
4T (T - T)

L L

For a 15 mil diameter sphere at atmospheric pneséure,

2 watt cn~2 °C¢7Y.  Thie value ceems consist-

h=1,3 x 107
ent with the eiperimental results when it is remembered
that the actual thermistor beade were larger than 15 mil

spheres.

Heat transfer coeffﬁcients for some of the uncoated
thérmistors were computed from the measured dissipation
rates by assuming that the mean heat transfer coefficient
for 1 mil wires given by Fig.’4 was applicable to their lead
wires.. The results are shown in Fig.35 for Veco 5 and 10
mil beads, and a Veco FN1A5 thinistor. This procedure is
not completely satisfactory for the bead thermistors because
- the heat transfer coefficients of theklead wires depend to
soue extent on their particular surface conditions. It
will be ééen.by comparison with Fig.34 that the heat trans-
fer coefficients of the smaller beads are greater ﬁhén those
of the large:\ls mil coated beads. This is to be expected
at‘higher pressures, but the fact that the values continue

to be higherlat lower pressures may be in part due to the

use of too low values for the lead wires in the computations.
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In the case of the thinistor the contribution of the
lead‘wires to K was only 5-10% so the above problem was
not present.._ A correction for'long—wave radiation was ap-
plied to the above results, based on the assumptions

— - 1
QLTF-I.O for the uncoated beads, QLT = (1.0 + 0.1)

for the thinistor (1 black, 1 metallic side), and €y = 0.1.

(e) Dependence of Temperature Rise on Orientation of the

Lead Wires

The radiation tests described in this chapter were all
carried out with the lead wires normal to the radiation beam,
intercepting a maximum amount of radiation. For other orien-
tations equation (3.1.8) can readily be modified by writing
estsinaL in place of est’ where o is the angle between
the leads and the radiation, and using an appropriately mod-
ified A’

T if the departure of the bead from spherical is

great.

To ohtain an experimental check on this procedure tests
were run in the vacuum chamber with « = 90° and £ = 30°
on the same thermistor. The latter was mounted on one of
the sténdard mounts which was suspended on a bracket over the
window in the pump plate, at the same height as the thermis-
fors in the previous tésts, bu% withoﬁt the enclosure. The

support posts were horizontal and the thermistor mount could
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be rotated ébout a horizontal axis to change the orientation
of the. thermistor with\respect to the radiation. Alu@inum
foil was arranged to prevent excessive heating of the therm-
istor mount By the radiation, and some black material was

,,applied to the inside top of the aiuminum bell jar to minim-

ize reflection of radiation back to the thermistor.

Fig.36 showé the results of these measurements, which
were taken with the aluminized thermistor G-5. The lower
curve was computed from the upper one and the previously

measured dissipation rate as follows:

1. Calling the observed temperature rise for «= 90°
62(909), the quantity

Jd GSTAT

) sin 30°
K

(8,(90°%) -

was computed at suitable pressures, J QSTAE -being

known from previous results.

2. The computed temperature rise for « = 300 was then
J e A Je A
6,(30°) = (8,(90°) - —SL Ty ¢in 30° + -——-—;—L-T .

This ies essentially the procedure discussed above but'with

a &pherical bead assumed. The bracketed quantity on the

RHS is the part of the temperature rise due to the lead wires.

,

114



Temperature rise, °C.

20°

\
16°

) - . ) J
A A\ Measured for 1 s 0° : ‘

-
N
0

A N
B  Computed from A for i=60° "
o Measured for i = 60°

®
°

4°

o° [ —Y I 4 4 '} [l A b [ 1 'S L s O . | A 2 AG

002 -O1 . 01 1:0 , 5
S Pressure, mm mercury.

“~
)

RESPONSE OF THERMISTOR TO RADIATION AT AN OBLIQUE ANGLE.

Q1T |



116-

‘Thére was reasoﬁable aéreement between measured and com-
puted values. The values of 92(900) measured in this test
were all about 10% higher than thosé measured previously for
the same thefmistor using the enclosure. This was probably
due to stray radiatiog which was not so well controlled in the

latter tests. - No adjustment was made for this fact.



CHAPTER 4

THE ERRORS DUE TO THE MEASURING CURRENT

4.1 Introduction

A small electrical curreni must be used in order to meas-
ure the resistance/temperature of a thermistor. Because of
their large electrical resistance and small phyeical size this
current produces a certain amount of heating in the thermis-
tor bead which affects the'temperatﬁre reading.v The teﬁperf
ature rise of the thermistor above ambient air temperature is
usually characterized by the "Dissipation Rate". This is
defined as the amount of electrical power needed to produce

a temperature rise of 1%.

An expression for the dissipation rate is readily der-
ived by modifying (3.1.5) to include the electirical power Qe.

Thus
ds - ! |
Zkaw(dx)x=d + hTATe2 J esTAT + Qe ' (4.1.1)
The new expression for (3.1.7) becomes

2kawp cosech pd. el + Qe

- | (40102)
20 2ka_p coth pd + hpAp

©

The part of the temperature rise due to Qg is obviously
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Qe'
e =
2e 2kawp coth pd + hTAT

Hence the dissipation rate K 1is given by
K = 2ka_p coth pd + hoh, (4.1.3)

For sufficiéntly long lead wires coth pd—>1 up to a

given altitude and K reduces to.

T

K= 2kawp + h oA

1 ) )
Ap = 2j§?rk2r%h§7 + h A (4.1.4)

-

If the appropriate heat transfer coefficients for the
miniature bead thermistors are inserted in (4.1.3)} it will be
found that the contribution of the lead wires to. K is comp-

arable with the heat transfer from the bead itself at all

ressures and in many cases exceeds it. This is illustrat-
, .

ed in Table 5 which shows these two terms, _2kawp coth pd
and hpA, for the 15 mil Gulton thermistor G-5. The coeff-

icients were taken from Table 4.

TABLE 5. Relative Contributions of ILeads apd Bead @o G-5

Dissipation Rate. (microwatt 0C'l)

Pressure mm Hg .04 0.1 0.2 0.4 1.0 2.0 4.0 10

2ka_p coth pd 6 8 11 16 25 28 31 32
hohn 4 7 12 19 28 38 46 50
K 10 15 23 35 53 66 77 82
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As'pointed out in Chapter 3, K gppears.as a fundament-
al quantity iﬂ the expressions.fqr the radiation error. It
is also important in determining the response speed of.the
thermistors (see Chapter 7). For these reasons, measure-
ments of K as a function of pressure have been made for a

relatively large number of thermistors.

In the earlier rocket soundings the electrical circuits
~ were such that - a conéiderable amount of.electrical power was
dissipated in the thermistor. According to graphs given by
N.K. Wagnerd(l963) for example, a measuring powver of about

6

45 x 107 watts was used at temperatures encountered near

65 km.- At this altitude a typical value of K for a 10 mil

6 watts so an error of 3°C would

bead thermistor is 15 x 10~
have resulted. More recent telemetry circuite produce rather
less heating in the thermistor, and according to Ballard (1966)
this heating need no longer be a significant source of error.

Pearson (1964) describes how tne error may be.reduced without

reducing sensitivity by using a pulsed circuit.

4.2 An Instability Criterion

In extreme cases it is possible to get an unstable con-
dition with certain types of measuring circuit. Ag an il-

lustration, suppose the circuit supplies a constant voltagé,



oo _ 2
so that .the power is given by %T where V is constant.

If -0 'is the temperature rise due to the heating current,
a emall change 66 in © would be aécompanied by a change
dRyp ‘
dT
,would change by

. 86 in Ry . But-with this change in Ry the power

y? 4R

g E R . To Se -
S RY 4T

A change ng in power, however, would result in a change

§e' of %—?‘"’, i.e.

§o L. 22 EBT ..gﬁ.
- .- 2 ] [
Ry 4T K

The displacement §6 is unstable if §o' > So  i.e. if

..y @4y 3 |
-_2. P > 1 3
RT dT K

dRr
Making use of (2.6.1) to substitute for ETT the condition

for instability becomes

L B2E 5  (4.2.1)

An important case occurs at or just before ejection of
the nose-cone, when the thermistor temperature might be
rather high, yet the altitude so great that K is very

small. For an example, consider a typical thermistor
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6 1

ejected at 65 kn where K ~15 x 107 vatt °C™" with T
eQual to a conservative 300°k. A typical value of RT migﬁt
then be 5 x 10% ohms, with a = 1600. With V = 6 volie
the left-hand side of (4.1.5) is 1.9 so in this example an
.instability would héve-resulted. Rocket soundings which
appeare& to have instabilities of this type have been des-

cribed to the author by Mr.P.J. Harney, of the Aerospace

Instrumentation Laboratory, A.F.C.R.L.

4.3 Method of Measurement

The dissipation rate was measured by observing the re-
‘ sistance of the thermistor when each of two different meas-
uring currents were used. The bridge and recording circuit
described in 3.3(a) were used, the currents being measured

with a Leeds and Northrup potentiometer.

the corresponding resistances after allowing suffic-

Let the two measuring currents be I, and I

and R2

ient times for the temperatures to stabilize. Then Rl and

R, enable the temperature difference AT to be evaluated,

2
while the difference in electrical heating powers is given by

L2, 2
A
Then Y

R
"
I



The measurements were carried out with the thermistors
mounted in the emall enclosure as for the radiation tests
(3.3(d)). This provided the same advantages as described

in that connebtipn. Generally I1 was chosen so that the

. associated temperature rise was very small (Qe:z 1 microwatt

typically) while I2 was made sufficient to give a temper-
ature riee of 3 - 10 OC;” The two measurements concerned
were carried out as closely as possible together to avoid

. changes in ambient temperature between tests. In many cases

the test with the smaller current Il was repeated immediately'

“after the second test and the mean temperature uced, but in
alﬁost all instances the rate of drift was so small that this
precaution was suferfluous. " For use'in the calculation of
the reflectivities, (3.6(c5), a special measurement of K
‘was made under high vacuum using a heating current which gave
a temperature rige of the same order ( perhaps 20-30 oC) as

that obtained with the radiation.

‘4,4 Regults

Fig.37 shows plots of temperature rise ve electrical
heating power for a Gulton X2047 thermistor at three differ- |
ent pressureé. The relatioh ié seen to be linear as implied
by the above discﬁssions, the slopes cbrresﬁoqding to % .

This result is of some importance as it j@stifies the assump-
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tion of a linear relation between temperature difference and
heat transfer used throughout this work. Subsequent measure-
. ments of K required determination of only two points as de-

scribed above. -

Fig.38 showe plots of the measured dissipation rafe as
a functién of pressure in still air for four thermistors. As
was the case with the radiation temperature rise, K is faif-
ly constant from sea level pressure down to a few millimet;ré
of mercury, with the smaller thermistors starting to change
‘at higher pressure. The curves at Very low pressures level
out to values dependent on the particular lead length and

long-wave radiation conditions used in the testse.

A

Results for other thermistors are given graphically in

Appendix 2.
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CHAPTER 5

CONDUCTION OF HEAT FROM THE SUPPORTS

5.1 Introduction

In general the éhpporting posts to which the thermistor
is attached do not have the same temperature as that of the
surrounding air. This may be due to their large thermal
mass, heat conduction from the instrument package and/or
absorption of heat from solar radiation. A certain amount
of this temperature difference is passed on to the thermis-
tor bead, ,6the amount depending on thé length of lead wire

used.

In high altitude balloon soundings this temperature
difference may be only a few degrees centigrade, but in
rocket soundinge it may be very much more especially at the
highest altitudes. This is because the rogket attains its
maximum altitude o rapidly that the rocketsonde is still
near its launch témperature when the noce cone is éjectgd.
In many gaseé, aerodynamic neating during the aggent re-
sults in even higher temperatures. Walker (1365) quotes |
temperatures near 100 % for skin temperatures of the in-

strumented "Dart" system when using ablative coatings.

For the Arcas system Ballard (1966) has mentioned a thermistor
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temperature of 80°C immediately prior to nose cone ejection.
This author has hoﬁever stated that by experimenting with -
“thermal shielding of the sensor unit within the nose cone he

had been able to reduce‘this figure very considerably.

In a very large number of rocket soundings the measured
temperatures have beeh too high because the method of mount-
ing allowed these high temperatures,A which pefsist in the
ihstrugent package and.mounts for a considerable time because
of their slow response,' to excessively influence the bead

temperature during descent.

5.2 Theoretical Expression for'the Conduction Error

We shall consider only the steady-state (equilibrium)
case in which the éir temperature is assumed to be constant.
This is applicable however, even when the air temperature is
changing provided the change is slow compared to the response

speed of the sensor (Chapter.T).

Consider a thermistor mounted as in Fig.6, and let el
be the difference between the support post temperature and
the air témperature. Then the equilibrium tempe}ature of

is given by equation (3.1.7), i.e.

>

the thermistor bead, 950

.2kawp cosech pd

20 AThT

'oe

e

+ 2kawp coth pd 1
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It is often convenient to speak of the conduction error in

terms of the fraction

20 2kawp cosech pd 2kawp cosech pd

1 Aphp

el ©

+ 2kawp coth pd = K
(5.2.1)

To determine the conduction error, 61 must;be known as
well as the R.H.S. of (5.2.1) as a function of altitude.
Usually this is not possible, and instead an estimate of
91 must be used. This approach waé taken, for example,
by N.K; Wagner (1964) in considering this problem, but in
that case no account was taken of the.effects of convection
on the lead wires. The variability of the correction to be
applied for lead vire conduction depends primarily on the

o

Gl ) 61
in order to know the correction to 1°C we should have to

know ©, to +20°¢.

" Fig.39 shows (5.2.1) as a function of lead wire length
and heat transfer q6efficient hw’ for a 15 mil effective
diameter @hermistor bead having 1 mil platinum-iridium lead
‘wi:gs. fhe appropriate values of hT for use wifﬁ the ae- -~
sumed values of h, were estimated from Fig.34. Also plot-
ted on this figure are the curves for a&"O'mil" bead usiﬁg

the same wire.
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It is seen that for practical values of =20 the effect

e

(of'thé thermistor bead is insignificant. Withlthe aid of
this figure one can determine the minimum lead length requir-
ed to'achiéve a decsired value of 920 when h& is given, or
vice versa. Note that hw is a fg%ction of pressure, vent-
ilation speed etc. which can be evaluated under a given set

of conditions from data given in this or other published works.

The question of the conduction error in actual soundinges will

be taken up in Chapter 1l.

The above computations differ considerably from those of
authors who have not allowed for convection from the surface
of the lead wires. The calculations corresponding to this
erroneous assumption for a 15 mil bead thermistor are a}so
illustrated in Fig.39. It will be seen that except for very
emall lead lengths and/or very small values of .hw the con-
duction error is greatly overestimated. In addition, the
greatly increased benefits obtained by increasing the lead

length are not correctly represented.

Fig.40 shows the same cdmputations‘for 0.7 mil platinum-
iridium lead wiree as‘used';n Veco 5 mil thermistors. This
time the effect of the bead was neglected, so that (5.2.15
reduced ﬁo

20
1

ol @

= sech pd | , ' (5.2.2)
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5.3 Experimental Hethods

After some preliminary tests it was found that direct
testing to determine the conduction error was not practical
with the equipment available. Thus any attempt fo artific-
ially heat the thermistor supports above ambient temperature
in still air resulted in a region of heated air collecting
around the supports which to some extent enveloped the ther-
mistor bead. In an actual sounding there would be a flow
of undisturbed air around the thermistor and thie would not
happen. (Note that in measurements fromAfloating balloons
there is no ventilation and extra long lead wires might be
nececsary to avoid th;s effect). _To properly carry out
tests of this type a low density wind tunnél would be re-

quired.

To a considerable extent the measurement of the heat
transfer coefficients carried out in Chapter 3 provides the
necessary experimental data for estimation of the conduction
error as a function qf*pressure, through (5.2.1). Since
we could not experimenﬁally check the validity of (5.2.1) we
‘were at least able to .check the &alidity of a relation based
. oﬁAthe same type of assumptions - the expression for the dis-

sipation rate

K = 2kawp coth pd fﬂhTAT . -
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This was done‘by measuring K as a function of pregsure on
the same thermistor, but with three different lead-lengths.
The tests w;th the longest leads were made first after which
the thermistor Qas re-mounted on a new mount having smailer
post separation. Care was taken not tq contaminate the bead

or the lead wires during the mounting process.

5.4 Results

Fig.41 shows the results for a Gulton type X2047 alum-
inized thermistor. Tpe lead iengths were dl =-0,395 cm,

d, = 0.725.,cm, and 4, =.1.46 cm. Notice that the two long-

2 3
er lead lengths gave the same values for K down to a pres-

sure of about 3 x 10'2 mm mercury. The values of K com-"
puted from the heat transfer coefficients given in Fig.34 are

also given, and there is seen to be reasonably good agreement.

From the measurements at high vacuum it was possible to
deduce the thermal conductivity k) of the lead wires. De- -
‘noting the three values of K by Kl, K2, K3 corresponding

d

to lead lengths 4 9

l; d3 we have

K

-1 2

- K, = 2ka_p (coth pd; - coth pd2)
together with two similar relations. The value of h' re-
quired in b was estimated by putting ?Lw = 0.08 although

the result was notlsensiti#é to this choice. The other



1000¢

100} =

9 r /W

e | oo

© /

o.

" /@’ .

v -

% o

'g 16 _____ oS e /m . A Measured for d = 1-46 cm. . -
. E__Dg/a/ B Computed from A for d =0-:725cm.
N A

x oA - c " “w w4 .0-395cm.

T ' o Measured for d= 0-725cm. '
o “ “ d= 0-395cm.

4. 1 [l 2 '] ¢t 4 3 1

1
. +001

FIG 41, MEASURED AI;ID COMPUTED DISSIPATION RATE ?OR DIFFERENT LEAD LENGTHS.

P

0
re

%) ~ 1.0
s sure, mm mercury

10

aeT



136

quantities being known, graphical solution of these relat-

ions gave three values for K.  The results were

K K2 K

. 1 3
8.82 x 108  5.64 x 107 3.48 x 107° watt °c1 .
k(1,2) k(2,3) k(1,3)
0.28 0.34 1 0.30 watt ot °c~1.
The mean value of k, 0.31 watt et °%¢c™! vas the same as

the published value for platinum-iridium alloy.



CHAPTER 6

ERRORS DUE TO LONG-WAVE RADIATION

6.1 Introduction

In addition to the radiation received directly and by
reflection and scattering from the sun, which for the most
part consists of relétively short wavelengths, the thermis-
tor exchanges energy with its environment by means of long-
wave (thermal) radiation characteristic of the temperatures
involved. In the atmosphere this exchange of energy is ex-
tremély complex, for the radiation intensity and its spect-
ral composition at any point is a function of the direction
from which it is received, and also changes considerably

with atmospheric conditions.

Since some of this radiation originates in the atmo-
sphere itself, by emission from carbon dioxide and water
vapour, the intensity in the spectral bandé coocerned is
to some extent a measure of tae atmospheric temperature.

It is possible to deviso\a thermometer working on this prin-
ciple.  However Johnson (1953) shows that. in'ﬁhé‘lower trop-
oéphere the effective sampling value of such an instrument

in cloud-free air would be a sphere of 3§ -to 11 miles radius,

depending on the wavélength band chosen. Of course this
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would be for an instrument which filtered out and measured
only this wavelength band. In the upper atmosphere the
amounts of carbon dioxide and'water vapour present are vast-
ly less, so the effective sampling volume would be enorm-
ous. In the case of a thermistor there is no selection of
wavelength bands, &0 it\is obiiéus that any long-wave rad-
iation exchange must bg considered a source of efror rather
than a possible beneficial influence on the measurement of

air temperature.

Because of the complexity of the problem it is necessary
to make gross simplifications in treating the errors produced
~in the thermistor. It is assumed that the upward component
of the radiation flux can be considered due to a black body
of temperature Teb' Similarly the downward component,
.from the atmosphere above the thermistor is considered as a
bléck body flux of temperature Tea and the radiation from
the instrument package that due fo a black‘body‘of temperat-
ure Tp. The thermist9r and its lead wires are assumed to

be grey bodies.

The greatest possible exchange of thermal radiation

would occur if T, =T =T = 0°K.  Then the rate of

eb P
heat loss per unit area of any part of the thermistor would
| 12

be Q}G'IA{ Putting T = 273°%, and = 5.70 x 107
-2 oK-4

watt cm we see that this is of the order of
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.2

Q, = Q/L x 3 x 1072 vatt co”

This may be compared with the energy absorbed per unit cross-

section area from the direct solar radiation,

1 2

Q = €J= € x1.39 x 107" watt cm™® .

8

Since the area involved with QL is 3-4 times the arearin—
volved with Qs’ from geometrical concsiderations, we see
that for comparable es and €, the heat transfer rates
are comparable. It is therefore just as important to have
a thermistor coating with small emissivity ih the infrared
as it is to have high reflectivity in the solar radiation
range. In general this is realized with metallic coatings,
but not with reflective paints.

—

6.2 Theoretical Expression for Temperature Error

The expression for the temperature error may be derived
in a similar manner to that used for the solar radiation error,
equation (3.1.8), if we assume that the error is small (less

than 15-20°C).  The result is .

4r €1w

5 « (coth pd - cosech pd) + ?LTAT

2 20 L hpAp + 2ka,p coth pd

(6.2.1)

4  1-2¥ 4
r(%Teb + = T, t KTP

4 4
ea - 1)

where

Q,
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Y depends on the angle subtended by the instrument package.
at the thermistor. In this expression, 'T 1is taken as the
measured (bead) temperature, so that T =T, + 6, .
(6.2.1) is therefore a quartic equation in T.  However in

most cases a satisfactory approximation wiil be obtained if

T 1is taken as Tair'

. It should be noted that for miniature bead thermistors 4
the contribution of the lead wires to this radiation error is

a significant item, just as it was in the case of the solar

radiation error.

6.3 Experimental‘Methods

From the discussions in the above two sections it is
evident that the primary quantities determining the long-
wave radiation error of a thermistor are glw and %LT .
Since all other quantities appearing in (6.2.1) had already
been studied the experiments were concerned only with the

 measurement of the emissivities.

To distinguish between le and %CT it.would have
been desireable to carry out a test in which radiant energy
 was supplied substantially to the bead alone, as was done
in the case of-solar radiation. This is much more difficult

to do, however, because of the very esmall size of the beads



aﬁd the greatéf difficﬁlty of encsuring closély c&ntrolled
conditions. For this reason it was decided to attempt to
measure only gﬁ "effective emissivity", combining . %Lw
anq GLT" For megallic coatings on the beadé we.would
expect ?Aw and QLT to bg éomparable, and in any case
the‘resulté will give substantially the correct ansﬁer when

applied to the evaluation of the error in the atmosphere.

The device used for the measurements is shown in Fig.42.
The principle of the method was to subject the thermistor,
-including its lead wires, to black body radiation inside an
2; while holding the
temperature of the thermistor support posts at a constant

evacuated enclosure of temperature T

temperature Tl. Under these conditions the thermistor bead

assumed an intermediate equilibrium temperatufe TT at a point

where the net heat gained by radiation was equal to that lost

- by conduction through the lead wires.

The heated enclosure was a hollow brass cylinder 7/8
_inch long, 7/16 inch outside diameter and 1/4 inch inside
diameter. A 3/32 inch slot was cut down one sidé to facil-
itate the installation of the gounted thermistor.- Once the
thermistor had been installed thie slot was closed off with
a copper slide. The insides of the enclosure and slide

were blackened with optically flat black paint.

14
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Apparatus for Testing Responcse of Thermistors

to Long-wave Radiation.
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The thermistors were mounted on mounts of the type
already described in section 3.3(d). These mounts were
designed so that the thermal contact between thermistor
support posts and the base-plate was a maximum. The whole
was enclosed in a heavy-walled brass box of sufficient ther- .
mai capacity that it and the thermistor mount remained at a

substantially steady temperature while the inner enclosure

was being heated.

The heating unit was an "Oryx" miniature soidering iron
which protruded into the brass box from the gide. Power
was supplied to this through insulated feed-throughs in the
pump plate. Four number six dry cells proiided the heating
current, which was regulated by a rheostat and a small am-

meter.

Copper-concstantin thermocouples were soldered to one
of the thermistor support posts, and to the heated cylind-
rical enclocsure. The outputs of these were amplified by
Weston Inductance Amplifiers and displayed on an Esterline-

Angus recording milliammeter. An ice bath was used for the

- reference junctions.

The measurements were carried qut under a vacuum of
better than 2-4 x 10'5 nm mercury obtained with the aid of

the diffusion pump. After noting the thermocouple outputs
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and the thermistor resistaneé (recorded on the Sanborne Rec-
order) a heating current of about 0.2 amps was applied for a
short timé, after which it was deéreased to allow the various
temperatures to become steady enough to take readings. The
process was repeated to obtain further sets of readings up to
a maximum heating of about 25°C above ambient. More readings
were taken as the system cooled. The fesponse time of tﬁe
enclosure to heating or cooling wég always much slower than
the thermistor time constant so it was not necessary to wait
for absolutely steady conditions before taking a set of read-
ings. . From one to two nours were required for the complete

tests, during which time the support post temperatufé chang-

ed a maximum of O.5°C.

6.4 Calculation of the Emissivities

Assuming that the radiation heat transfer can be linear-
ized by introducing h' = 4§Lo*§3 as in section 3.2, it
will be found that equation (3.1.7) applies. This equation
can be written in a form more suitable for computations, i.e.
h'A

= cosh pd + 2kaT . sinh pd (6.401)

20 - w P

ol ©
H-

In this equation,

,el = (Tenclosure - Tsupports)



@
|

20 ~ (Tenclosure = Toead)
L
P = Jxr

' '

Note that wé have assumed . = hy .

.

The tests give 91 and 620, allowing the right-hand
side to be solved (graphically in the present case) for h'.>
Since T is known to sufficient accuracy, %L can then be
calculated. For example, if T = 310%K , €, h'

The lead lengths uced of ~1l.3 cm allowed about 1 mm to
project out of each end of the heating enclosure. No cor-
rection was applied for this. If §&x is the small length
of lead adjacent to the supporté which is not influenced by
the radiation it can be shown that‘the correction factor in-
volves a term of the form 1 + sz, which was ﬁot signifi-
cant in this case.

b

6.5 Recsults

Fig.44 shows graphically some of the readings obtained

with the above device. The lines have a slight curvature

3

corresponding to the variation of T7. For calculation of

%L , only one pair of points, that corresponding to

6 = 20°C, was read off each curve. .

T 5.9 x 1074
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The measured emissivities are given below in Table 6.

TABLE 6. Measured Emissivities of Thermistors.

Visuai Condition

Number 6, 050 . Q €

% ‘c cm | Bead  wire
G-5 20 14.5 1.0 .08 .fgood good
G-9 20 13.5 1.23 .11 good good
11 20 11.1 1.26 .16 _ ~ fair  poor
G-7 20 9.5 1.25 .24 poor bad
F-2 20 1l1.6 1.2 .15 ’ poor poor
GB-2 20 7.2 1.30 .93 (of black bead) - fair

Except for G-9, which was an aluminized thermistor whose sur-
faces appeared in very good condition, all of these thermist-
ors have been discussed in Chapter 3 in connection with their

response to short-wave radiation.

In general the values of €, are lower than the values
of egnmasured in Chapter 3, although they are still some-
what higher than those expected of polished metallic surfaces.

" There is considerable variation according to the state of the

surfaces.

The emissivity of the black bead GB-2 was deduced as a

test of the method, by assuming that %&w was 0,10, The

“
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agreement is satisfactdry, for the overall accuracy of the

method is probably about 10%.

To a limited extent the diesipation rate K(0) measured
as described in Chapter 4 under high vacuum can be used to es-

timate the emissivity. Thus

~

- Jen' 2h' |
K(0) = 2ka [1=" coth [&="+ hi A, .

However, for lead lengths of 1 --1.5 cm as used this quant-
ity is actually rather insensitive to h', except in the cacse

of a black thermistor.

The spectral content of the radiation used was that of a
black body at 310 to 320°K. In the atmosphere, the major
source of error is loss of heat from the thermistor to the
atmosphere above, =0 that it is the emission of black body
radiation at the thermiestor temperature which is important.
This temperature ranges between about 200°K and 300°K. The
wavelength of peak emission varies as only % and the black
body curves for tnese temperatures are rather broad, so the
conditions under ﬁhich the emissivities were measured above

should have been an adequate simulation of the atmospheric

conditions.
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CHAPTER 7

DYNAMIC RESPONSE OF THERMISTORS

7.1 Introduction

The speed with which a ﬁhermometer approaches thg ambient
air temperature after exposure, and its ability to respond to
rapid dhanges in air temperature, 1is usually expressed by the

"time constant", T . T is defined as the time required for

ol

the sensor to record 1 - = = 63% of a step change in ambient

temperature.

For a simple system, tne heat loss is proportional to
the temperature difference 6 existing between the thermo-
meter and the air. Writing the heat loss as ¥ and letting

C equal the thermal capacity, we have ¢

a8 _

®--%e - | - (7.1.1)
Therefore
i ¥
g = e-é ‘'when © = 86 at t = 0. (70102)
8 0 - - .

The response'is eXbonential and the reason for the definition

of T given above becomes clear. In this case, of cource,

=<
\‘t-x.



The reséonse speed of a rocketsonde thermistor is partic-
ularly important because, as mentioned in section 5.1 above,
the temperature of the thermistor and its moﬁnting may be
many tens of degrees warmer than the surrounding air when the
sensor is first exposed. Since the rocketsonde fall rate is
very large at the highest altitudes a good deal of the recofd

may be lost if the thermistor does not respond rapidly.

In theory a correction can be applied on the basis of

(7.1.1), for the error © 1is given by

- 438
9 - "’Cdt
de

where it is the rate of change of temperature as measured
by thne thermistor. In practice %% - can only be obtained
as an approximation and the correction determined in this vay

is subject to considerable uncertainty if T is large.

An alternative approach has been used by N.K. Wagner
(1964). In Wagner's work the correction‘was calculated for
a sounding in a standard atmosphere using an assumed initial
temperature, and'it was proposed that this correction be ap-
plied to all actual soundings, since it would represent |

mean conditions.

Both methods require knowledge of ¥ . Since T de-

: pehds on the rate of heat exchange between the thermistor

151



and the air, it is a function of pressure, ventilation
speed etc. and in general increases with altitude. ‘Thus,
the response of a rocketsonde thermistor -is slowest at the

- point where a fast response is .desired.

For a number of reasons there are difficulties in com-

puting T from the heat transfer rates and the heat capac-‘

ity of the thermistor bead. Ney et al (1963) point out
that for objects of very small size, the heat capacity of
the heated air adjacent to the objecfs may be comparable
with the heat capacity of the bodies themselves. Accord-
ing to Ney, failure to allow for this can result in an
underestimation by a factor of 2—3» of the time constant
of 2 1 mil diameter wire thermometer; It is not clear to
what:extent thie effect would be important in the response
of small thermistors. It is not thought likely that the
effective heat capacity of the beads would be significahtly
changed, but presumably the response of the lead wires
would be influenced. A large part of the heat flow from
a miniature thermistor bead is via the lead wires, so the
response of a small thermistor to a change in air temper-
\ature‘depends-significantly on the response of éﬁe lead

vires and on the mounting used.
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T2 iaboratdgy Measurements of the Time Constant

The ideal method of méasuring T .would be to observe
the response to an actual step change in air temperéture.
This is not difficult to arrange at cea level pressures but
problems are encounteréd at the low pressures of interest in
this work. A simpler method of measuring the time constante
of these small thermistors is to heat them above the temper-
ature of the ambient air and then to observe their ratg~of
cooling after sudden witﬁdrawal of the source .of heat. fhe
time constant may also be derived from the rate of heating
if the onset of heating is made sufficiently sudden. The
source of heat may be a beam of radiation, or an electrical
current pacssed thfough the thermistor bead. Measurements
of this type have been described by Ballard (1961) and Hampel
et al (1959)

' This simpler method was the one used in this work. dow-
ever it should be pointed out that the method is not exectly
equivalent to the use of a step change in air temperature.
This is becauce the iritial and {inal temperature distribut-

ione in the lead wires are not the came in each cace. It wi;l

be shown theoretically in Appendix 4 that for the simple "post"

type'of tnermistor mount, which is the one with which this
K .
work is principally concerned, the error is small for the

particdlar thermistors tested. On the other hand this method

153



154

may give quite erroneous results if used with thermistors
mounted in a more complicated manner, for example the "foil"

mounts now being used by some rocket network ranges.

T3 Experimentél Method

Afﬁe time conctants were measured witn the thermistors
mounted in the small sub-enclosure as for the radiation tests
described in Chapter 3.  When the source of heat was to be
radiation this was controlled by a camera shﬁtter situated
under the window in the pump plate; For the electrical
methods, the recsponse to heating was obserQed by balancing
the bridge circuit (section 3.3(a)) with a suitably high
measuring current, switching off for a short time, and
then recording the thermistor warm-up when the current was
switched on. To observe the cooling part of the response
a separéte heating unit was built, the circuit of which is
shown'in Fig.45. While the heating current was being ap-
plied tq‘the tuermistor a dummy resistance load was connect-
ed across the measuring circuit to keep the Sanbo;ne record-
er on scale. On throwing a DPDT ewitch tine tnermistor wés
disconnected from the heating circuit and subsfituted for |
the dummy load across the measuring circuit. A measuring
current which was much smaller than the héating current,

was used.
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The response of the thermistor during these tests was
recorded with the Sanbbrne recorder, using a suitable
chart speed. Time marks placed automatically on the rec-

ord at 1 sec intervals allowed calibration of the time-scale.

For the thermistors used it was soon found that all
four variations of the method gave the same results within
“the limits of accuracy of about 5% obtainable. Since the
latter variation described involved the simplest testing
procedure the great majority of the measurements were made

this way.

To evaluate the time constants from the recorder re-
cords the following procedure was adopted. A suitable
time-scale divieion of the recorder éhart as near as poss-
ible after the.actual staft of the cooling/heating curve
was selgcted as t = 0, | The ordinate of the curve, C0 '
at t = 0 was noted, along with the ordinate C, of the
final stéady value. The quantity Eiliilif was computed
and this either added or subtracfed from C, to find the
ordinate cofresponding to t =T . T was then given by
the time at which thié ordinate was achieved on the booling/

heating curve (bearing in mind the calibration of the re- .

corder time scale).

The recorder divisions were proportional .to the ther-

mistor recsistance rather than to temperature, in terms of
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which T is defined.  Since the resistance/teﬁperature
cﬁaractéristic of thermistors is highly non-linear the above
procedure can lead to significant errore for temberature
changes greater than one or two degrees. To take this into
.account a correction factor.was bomputed as a function of
the total temperature change which, Qhen multiplied by the
apparent time constant as determiné@ above gave the correct
value of T appropriate to an expongntial temperatﬁre re-
sponse. Fig.46 shows this correction for typical therﬁis-
tor material. Notice taat the correction factor is greater
than one for heating curves and less than one for cooling
cu}ves, and that the error is 5% for a temperature change

of 3°c.

All results given below have been corrected in this
manner. In the majority of cases the actual temperature

L3

dhange used in the tests was 3 - 5°C.

" 7.4 Results

Fig.47 is an example from a recorder chart showing a
Veco 5 mil bead thermistor cooling after having been heated
electrically. This same cooling curve is shown re;plotted

on a semi-logarithuic scale in Fig.43.

Fig.49 shows the measured time constants of four
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“thermistors, including a thiniétor, as a function of
pressure. These values apply of course to stiil air (no
ventilation) conditions. ‘The.effect of Yentilation will
be discussed in Chapter 8, but-we shall remark here that
it ié large for pressures nigher than 20 mm mercury and
minor for pressures lover thanvabout 2 mm mercury. The
very much faster response of the small bead thefmistors

is clearly shown; aithough as in the casé of thg radiation

error, the relative advantage decreases at lower pressures. .
- {

At vefy low pressures all of the thermistors show a
levelling off, due to the predominance of heat conduction
througn the lead wires and long-wave radiation loss to the
enclosure walls over the heat loses to the air. The pree-
sure af which this levelling off takes place depends most-
;y on the length of the lead wires. If the latter are
£oo short the time cohstant is decreaced, but only at the
_expense of greatly increased conduction error (Chapter 5).
As a géneral rule, if the time constant is influenced -
significantly by condaction to the supports then the con-
duction error will almost certainly bé prohibitive. The
effect of varying lead length is illustrated more clearly o
in Fig.50, which éhows the time constant for the same
Gulton X2047 thermistor when measurements were carried

out with different lead lengths.
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For the simple system described‘by equation (7.1.1)
ve caﬁ identify ¥ with the dissipation rate K. It is
seen that for such a system the product KT should be
constant and equal to the heat capacity C. That .this
is not the case with the miniature bead fhermistors is
readily verified by reference to Fige.49 and 38. For
Aexample, at 760 mm mercury KT for the 5 mil bead ther-

mistor is 4.7 x 1078 joule °c~1 and this value increases

with decreasing pressure to a limiting value of 10.8 x 10"6

joule °C"l under vacuum. This result would suggest that

heat capacity of the lead wires plays an important pa;t in
determining the dynémic response. A similar trend is
present in KT with the larger thermistors, but not so
marked. This is to be expected, for the heat capaqity
of the lead wires is then smaller compared to that of the

beads.

¢

It is of interest to compare the effective heat cap-
acity of a typical bead thermistor computed from the prod-
uct Kt with estimates of C from publiched data. At

1,0 mm mercury KT for the 15 mil thermistor G-5 is

1 5 1

5.3 x 1077 watt °C™* x 1.5 sec = 8.0 x 107° joule °C™1.

According to estimates given in the Wright Instrument

Company report (1961), the mean specific heat of a ther-

-1 oC-l

mistor bead is 2bout 0.5 joule gm and the mean

-
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3

density 3.9 gn cm °. Taking the measured volume of G-5
3

5

as 3.8 x 1072 cm , the heat capacity estimated in this

joule °%-1,  The agreement is very

way is 7.4 x“lo-
good eépebiall& when one considers the heterogeneous com-
position of a thermisfor bead. For the 5 mil thermistor
the heat capacity estimated froh the VWright aata is

3.4 x 10'6 joule °%~1. This agrees with KT at sea
level pressure, but at lower prescsures the effect of

the lead wires is evidently important.

Measured time constants as a function of preesure
are given for further thermistors in Appendix 2. It will
be noticed that there is considerable variability even be-
tween beads of the same nominal size. Table 7 shows the
measured time constants of Gulton 15 mil thermistors in .
still air at [iSL pressure. Since the time constants at
other pressures are approximately proportional a similar

" variability would apply to 2ll altitudes.

" TABLE 7. Time Constants of Gulton 15 mil Therhistors at MSL.

Number G-1 G-2 G-3 G-4 G-5 G-6 G-7 G-8 G-10 G-12

T,sec 1.2 1.4 0.9 0.6 0.9 1.0 0.6 0.5 1.3 0.9
Vol,10 2cm’ - 6.0 3.4 2.3 3.8 3.7 2.0 1.6 - =
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CHAPTER 8

\7THE EFFECTS OF vOTION THROUGH THE AIR

8.1 Introduction

In the majority of appiicétions of thermistors to the
measurement of ;tmospheric temperatures there is gome relative
motion of the air with reépect to the thermistor. In the
case of a rocketsonde this results from the dropsonde's fall

through the atmosphere.

.

The tests described in the preceding chapters have all
been carriéd out in sfill air. This was because the experi-
mental techniques and the equipment reguired vere very consid;
erably simplified. We shall see also that épart from aero- -
dynamic heating the effect of ventilation at ordinary spéeds
on the miniature thermistors is small at 100,000 ft and neg-
ligible above 150,000 ft altitude. Therefore the results of
these tests are direct;y applicable in the upper'part of rock-
et soundings where the errors are greatest.  Provided the
thermistors are properly exposea, the results a}e of course

applicable to floating‘balloons at all altitudes.

Below 100,000 ft altitude the relative motion of the air
has considerable effect on the convective heat transfer,

such that in all caces the errors described above are less



than the values applicable to sfill,air. Because the rocket'

~sounding do extend down into this region, and because there
are so many other applications of thermistors in which lower
altitudes are of interest it was felt that the usefulness of

this work would be greatly enhanced by a study of this topic.

8.2 Discussion of the Exgerimental Technique

The method used to simulate the motion of the thermistor

through the air was to place the thermistor at the end of an

arm which rotated inside the vacuum bell jar. Such a method

has been used previously by Sion (1955) in the study of the
time constants of radiosonde rod thermistors. Hampel et al
(1959) also used the method to study the effect on the time
constant of a 10 mil bead thermistor at pressures down to
about 1 mm mercury, but their répo:t does not show the var-

iation explicitly, only at particular combinations of vent-

- ilation speed and pressure.

Devienne (1957,1958) has used the revolving arm tech-
nique in studies of heat transfer in rarified gases. His
later report contains a discuésion of the advantéges pf the
technique over otner methods, aé well as some of the disad-
vantages. This paper was found very useful in ‘the design

of the apparatus.

19
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One of the more obvious questions concerning the revolv-
ing arm method is whether thé air in tae bell jar is appreci-
ably driven around by the arm. Devienne has carried.out very
careful measurements and concludes that there-is no drive of
the air at pressures of 2 mm mercury and lower. At atmos-
pheric pressure there is some drive, but not much with a
properly designed arm.  Sion estiéated less thah 2.2% of
the arm speed for his expefiments. In the experimeﬁts to
be described below, the drive was measured at 4% at sea

level pressure. -

For high arm speeds there is a certain amount of heat-
ing of the air near the arm, especially at high preésures.
Devienne concludes that so long as-any temperature changes
are measured with respect to this higher ambient temperature,
heat transfer measurements taken with the arm are valid at

all pressures.

It was not of course possible to measure the response
of the tnermistors to radiation while they were being rotat-
ed. However it was possible to measure the diseipation rate
K, and from this obtain a good estimate of the radiation
érrbr in terms of the still air measurements. Ve recall.

that the temperature rise under radiation is given by equat-

ion (3.1.9)
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where P =% v and K = 2kawp.+ hTAT .
For pressures sufficiently high so that the effect of vent-
4 €T
ilation is important, the term — is 1/2 to 1/5 of

[} I .
o =z ~
Jd esTAT for typical small bead thermistors when esw Cg

It follows that to a first approximation the radiation error

T.

is inversely proportional to K. Thereforé

oo

0,(v=0) x K(v=0) A . (8.2.1)

eZ(V) VK(V?

The relation (8.2.1) will in any case give an upper limit for
the radiation error, because p increases with increasing

ventilation veiocity v.

Similar considerations apply for the long-wave radiation
errors. = The measuring current error ig of course given dir-
-ectly by K. It is assumed that the lead lengths are su‘ffic-
ient to eliminate the conduction error, for at pressures
above about 10 mm mercury where ventilation effects are im-
portant only a few’miliimeters of 1 mil platinum-iridium alloy

wire are required even in still air.
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8.3 Description of Apparatus and Procedure

(a)  Generzl Recuirements

A schematic drawing of the rotating arm device is éhown
in Fig.Si. The fall rate of a rocketéonde.is.very consider-
able at the highest altitudes because of the very low drag
afforded the parachute.J In 2 typicél sounding speeds as
high as 400 miles per hour may be reached, which result in
considerable aerodynamic heating errors in the temperature
measurement. For this reason it was desired to have the arm
capable of achieving enough speed to allow measurement of the
thermal recoﬁery factors of the thermistors. (These measure-
ments will be described in Chapter 9). 'In practice this
meant a minimum simulated épeed of about 120 mph and prefer-
ably 200 mph or faster. To achieve such speeds with an arm
radius of 6 inches, as dictated by the 15 inch bell jar, a

rotation rate of at least 3500 rpm and preferably 6000 rpm

was required.

(b) Construction of Rotating Arm Unit

Since it was not desireable to have a variable speed el-
ect}ic motor within the vacuum chamber a rotary-motion vacuum
seal was required. A feed-through capable of this speed was

feasible, but being a special item, .would have been costly.
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FIG.52.

Rotating Arm.
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A small ball-bearing rotary motion feed-through capable of
épeeds up to 3000rpm was available aé a stock item from the
National Research Corporafion, so it waé decided to use one
of these in conjunction with a 3:1 step-up gear drive inside

the vacuum system.

Some care héd to bg taken inAfhe design and construction
of the unit to obtain safe, smooth opération at the highest
speeds decired. At speeds of 6000 rpm centrifugal accelera-

~tions approaching 10,000 G were developed at the end of the
arm and the thermistor mount had to be able to stand this
with a suitable safety margin. The arm was made of 0.03%6
inch stainless steel. The thermistor was mgunted between
two extending rods of 0.050 inch diameter stainless steel
wire which were clamped to the main part of the arm with a
grooved steel clamp. ‘These rods passed through fiberglass
sleeves at the position of the clamp to provide electrical
insulation. Before tightening the clamp down, the sleeves

were liberally soaked in epoxy bonding material.

The arm was attacned to a length of <4 inch precision
steel shafting which ran in two high-speed precision ball-.
bearings. This shaft was driven from the rotary feed-

throuzh via two P.I.C.precision spur gears.

If was extremely important to pave the arm perfectly
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‘balanced. This was done by removing the arm from the unit
and temporarily mounting it on a 3 inqh length of shafting,
whichlﬁas then held horizontally on two precision ball-
bearings of very low friction. Balancing within one or
two miiligrams was achieved by removing material from a
small pocket of lead let into the brass counterwieght on
%he arnm. Becauce of their very small mass it was not nec-

essary to make any adjustments when different thermistors

were mounted on the arm.

- Two copper slip-rings were mounted on the shaft just
belov the arm for the électrica; connection to the thermis-
tors. Contacts to tnecse were made By carbon brushes, two
to each slip-ring connected in parallel to minimize any

possibility of erratic behaviour.

The entire unit Qas bolted on to the pump plate in the
position previously occupied by the unit containing the
window for the radiation teste. O-ring seals with the
cofrecf gland dimensions for high vacuum uce were included
between the aluminum gearbox and the mounting flahge, and

between the mounting flange and the pump plate. .

Power was supplied by a ¢4 H.P. "Bodine" shunt-wound
D.C. motor operated by a "Heller" 5-12 speed controller.

The motor was bolted to one end of tae Dexion trolley and
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_ power was transmitted to the arm unit by means of a P.I.C.
"no-slip" drive belt and P.I.C. toothed pulleys. A sel-
ection of the latter were available, allowing ratios of

'1:1, 1:2 and 22:64 between the motor and the arm unit,

(¢) Measurement of Rotation Speed
/

The rotation speedjof the arm was calibrated against
the speed controllier dial setting for each of tne three pul-
ley cémbinations, by measuriﬁg the fofmer with a General
Radio "Strobotac". After an-initial break-in period ehese
calibrations (which were frequently checked) remained stable.
It was found much more convenient to éarry out subsequent
tests at pre-determined controller settings rather thgn to
actually measure the speed of rotation for each individual
test. Whenrthe 1:1 pulley was used the calibration at the
higher speeds depended noticeably on the pressure in the
bell-jar, showing that the speed regulation provided by the

controller was.not perfect.

(a) Allowance for "Drive" of the Air

To determine the amount of "drive" of the air within
the bell jar, the sensing unit of a Hastings air meter was
temporarily mounted through one of the accessory holes in

the punmp plate, with the head as close as possible to the



path of the thermicstor. Tae output'of the air meter was
determined as a function of the rotation speed of the arm.
Fig.53 shows the results of this test, which was only poss-

ible at atmospheric pressure.

mls.
(X)
| |

\

Alr metern,

o 10 20 30 40 ‘50 60
Speed of end of arm, misec.

O

FIG.53. Drive of Air in Bell Jar, MSL Pressure

It is seen that the "drive" was 4% at sea level pressure.
It was expected on the basis of Devienne's recults that

there would be no drive at very low pressures. Therefore,
in construct%ng the final calibration curves of ‘thermistor
airspeed vs controller éettings the "drive correction" of‘
4% at Sy pressure was arbitrarily decreased in direct
proportion to the pressure. Fig.54 shows typicai calibra-

tion curves for tne three pulley ratios used.
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(e) Test Procedure

Two setc of measurements were made at various pressures
and rotation speeds. These were the diséipation rate K
and the time constant ’U‘. - The method of-measurement of
these quantities was exactly the same as that used for the
still air tests already described, the electrical method

beihg uged for T.

8.4 Results

Measurements of the time constant and the dissipation
rate of 5, 10 and 15 mil (nominal) bead thermistore and
a thinistor as a function of pressure and air speed are pre-
sented in Figs.55-58. ‘The lead length used in all cases was

'I;O cm each lead wire.

The lack of dependence of these quantities on the vent-
T
ilation epeed at low pressures is clearly seen. Near cea
level pressure, however, the ventilation speed had consid-

erable influence.

Two sets of measurements were made with the thinistor,
one with the plate perpendicular to the air flow and the other
with the plate pafallel to the flow. However centrifugal

. s ' 0
and aerodynamic forces caused deviations of up to about 20

from these orientations when the arm was rotating, and this
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may account to csome extent for the fact that the results were

not greatly different. This distortion of the orientation

was readily observed with the "Strobotac".

The cﬁrves of K and T ve pressure for still air con-
ditions given in othér parts of this work may be extended to
take into account the effect of ventilation espeed by using 
Fige.55-58 and the assumption that K or T at a given
| speed and pressure are proportional to the corresponding
values in still air. Thié assumppion should g;vé adequate
results so long as the Figure appropriate to the nominal size

of the thermistor in question is used.

Fig.59 chows the variation of K with airspeed at diff-
erent pressures for the 10 mil bead fhermistor. In this
figure K(v) - K(v=0)/ has been plotted against the air-
speed using logarithmic scales, and it is seen that coneisgt-
ent with the accuracy of the data and the relatiyely small
number of points at each pressure, relations of the form
K(v) - K(v=0) = AVE hold, with m =~ 0.4 at sea level
pressure. Thie is the type of relation found valid for heat
transfer from fineAwifes as uced in hot-wire anemometry.
Thus, for example, Collis and Williams (1959) give a forﬁ;

ula of the type

Nu = A + B.Re®
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where in their case m = 0.45.

There are apparently no other pubiished data of the
type presentéd above for thermistors available for compar-
ison. Some information wae available, however, on the
heat transfer from spheres and fine wires under these con-
ditions and it waé possible to reconstruct K from this.-
Fig.56 includes a few points computed in this way, using
the results of Kavanaugh (1955) for sﬁheres in coﬁputing“

the contribution hTAT of the thermistor bead, and the

results of Baldwin et al (1959) for the contribution 2kawp ,

of the 1 mil lead wires. The thermistor bead was assumed
to have tne same area, 3.0 X 10"3 cm2, Vas VB-3, but the
smallest diameter (2.5 x 10"2 cm) -of the non-spherical bead
wae used in the expression for the Nusselt and Reynolds num-

bers which appeared in the computations.

The agreement between measured and computed results is
only approximate but satisfactory considering the departure
of the bead from sphericity and the possibility of local ef-

fects where the lead wires join the bead.
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CHAPTER 9

AERODYNANIC HEATING ERRORS

9,1 Introduction

As &entionéd in the preceding chapter, ﬁhe fail velocity
experienced‘by a rocketsondé thermistor is very considerable‘
in the upper part of a rocket sounding, due to the very small
‘drag offered. the parachute by the air. The actual speed de-
pends conciderably on many facto%s, inciuding the altitude at‘
apogee and the time at which?th;‘parachute becomes fully deploy-
ed, but typical fall rates for the "Arcas" system, for.ei-
ample, might be 220 m/sec at 70 km and 120 m/sec at 60 km.
(Wagner (1964)). 1In addition to the fall velocity thére nay
aleo be significant horizbntal components before the parachute

becomes fully "wind sensitive".

bue to a combination of adiabatic heating and viscous dis-
sipation a thermometer exposed in a high-speed airstream will '
. (neglecting all other sources of error) record a temperature
higher than a thermometer moving along with the flow. The ex-
tent of this temperature rise for a particular thermometer is'_
usﬁally expressed in terms of the stagnation temperature rise
Ts ',To . Ts is the temperéture which the moying gas would

acquire if brought adiabatically to rest, and TO is the free-
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stream temperature as recorded by the moving thermometer.

It is readily shown that

T |
-,fs =1+ ‘Y'l G (9.1.1)

where M ié the Mach number. If Tr is the temperature re-
co;ded by the thermometer, the fhermal—recovery factor r
is defined by the relation’

r= ;E—E-;Q ' 8 (9.1.2)

s 0 -

For thermometers operating in the lower atmosphere, r 1is a
number legs than 1, but for smgll thermometers operating
in a rarefied gas, recovery factors greater than 1 are
possible. This result has been shown theoretically by
Oppenheim (1953) for free-molecule flow, where the rarefac-

tion is so great that the size of the thermometer iz small

compared to the mean free path.

Oppenheiﬁ's results enable calculétion'of thermal re-
covery in terms of the Mach number and geometrical propert-
ies of the bodies conéerned. However, for the emall ther-
mistors of the type studied in this work the requireménﬁs
for free-molecule flow are fully met only above about 85 km
altitude. In the region of interest in a rocket sounding

the flow regime affecting the thermistor can be described
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ac either "transitional" or "slip-flow" depending on the value
of the Knudsen number Kn =.% wvhere A is the mean free

. path and D a characteristic dimension.  Adequate theoret-
ical tfeatment_is not available for the calculations of re-

covery factors in either of these regimes.

The amount of published experimental data diréctly ap-
plicable to this question ig also very limited. To the auth-
or's knowledge there are no publiched experimental results

for actual bead thermistors taken under any conditions.

9.2 Experimental Method

The apparatus was the same as that used for the tests
described in Chapter 8. A second thermistor was mounted so
that its bead was less than 3/16'inch from the path cf the
fest thermistor. This can be seen in Fig.52. Its purpoce
was to provide a reference temperature with recpect to which
the temperature rise of the test thermistor‘was measured,
for, as predict?d from the resulte of Devienne (1958),
thefe was a small temperature rise in the air in the vicin-

ity of the arm when the latter was in motion.

A special bridge circuit, shown in Fig.60, was built
to provide simultaneous recordings of the outputs of the

tecst and reference thermistors on the two channels of the
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Sanborne recorder. A measuring current which produced no
significant self-heating in either thermistor at the low-

est pressure of interest was used.

The procedure was very simple. After the desired

pressure wag set in the bell jar the arm was run at a low:

speed (about 6 m/sec) to define the free-strean temperature.

The arm speed was then increased in steps up to the maximum
decsired, during which tiﬁe the temperature rises of the
two thermistors vere recorded on the two channels of tﬁe
recorder. The tempefature rise for use in the calculation
of the recovery factor wac taken as the difference between
that of the test fhermistor and that of the reference ther-
mistor. The arm cpeed wac derived from the speed contrél-
ler settings which in turn were calibrated at different
pressures with a General Radio "Strobotac". The calibrat-
ion of the latter was determined from the 60_cycle mains~
frequency by an internal calibration circuit.'_ An allow-
ance for "drive" of the air at high pressures was made in
determining the effective airspeeds, as described in

Chapter 8.

The recovery factor was calculated from the lMach num-
ber and the temperature rise by using eguations (9.1.1)

and (9.1.2).
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9.3 Results

(a) Rice of Reference Temperature

When the arm was_oberated at high speed the air in its
vicinity became heated. This was indicated by the reference
ther@istor; At very low prescsures the rise was very small,
for example at 4 x 10'2 mm mercury the referenée temperature
rise was about 3% of that of the test thérmiétor. At a pres-
sure of about 0;25 mm mercury the heating}increased quite
sharply to 15-20% of the test thermistor's rice, and at high-
er pressureé this percentage gradually increased so that at
- gea level pressﬁre the reference bemperaturé rise was 30=-35%

of the test thermistor'e.

Although it was not difficult to deduce the net temper;
ature rice with adequate accuracy from the recording of the
two thermistors there was some uncertainty concerning the
represeﬁtativeness of the reference temperature, eince ob-
servation was.only at one point. In his 1958 report Dev-
ieﬁne described detailed measurements of the temperature
distribution ﬁear his rotating arm. These showed that at
moéerate and high pressures, wﬁen the'heating wég appreci-
ablé, temperature gradients near the arm were small, It

would appear therfore that the reference temperature rise

as measured should have been a reasonable estimate of the
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mean conditions around the path of the‘moving thermistor.

(b) Recovery Factors

Fig.61 shows a typical plot of the net temperature rise
vs airspeed using logarithmic scales, for a bead thermistor
at several pressures. The points are seen to be reaconably

well on straight lines with slope 2 as indicated by (9.1.1).

Fig.62 shows recovery factors as a function of pressure

" for a nuaber of thermistors. Thece points were 2ll computed

A

from tests at HMach numbers between 0.18 and 0.29 . At pres-

sures greater than 10 mm mercury the measured values wvere
fairly constant with pressure and lay between about 0.70 and
0.76 . These results were somewhat-léwer than the values
near 0.9 ascsumed for theée pressures by some authors (eg.
Barr (1961), Wagner (1963)) in evaluating the aerodynamic
_heating correction for rocketsanae thermistors. However
reference to the briginal papers showed that the latter had
based their estimates on peasurements taken in superecsonic
flow, with dach numbers between 2 and 4. HMoffat (1962)
has summarized resulté of measurements of the recovery fact-
.ors.of butt-welded cylindricai thermocouples of various dié—
meters at sea level pressures and sqbsdﬁic Mach numbers.
When the wires were normal to the air flow the measured

values of r were near 0,68 with about 10% variation.
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For wires pérallel to the flow r = 6.86 - 4 0.69. ﬁ;ttel

and Kalitinsky (1945) reported similar values for fine wire
therﬁocouples. These authors also made tests on a therhé-
couple consisting of 6{010 inch diameter wires whose junct-.
ion was encased in a 0.67 inch diameter solder ball. W%ith
the airstream parallel to the wire r was about 'Q.78 and

for flow normal to the wire r was about 0.73.

At pressures below 7 mm mercury the measuréd recovery
factors cshown in Fig.62 ihcreased with décreasing pressure
and in most cases exceeded unity below l'mm‘me;bury. How-
ever all of the values féll snort of the limiting values
of 1.55 for spheres and 1.7 for cylinders normal to
the flow as calculated by(Oppenhei; for free-molecule flow
at low #Mach nuﬁbers. Since at a pressurerf 0.1 mm merc-
ury the Knudsen numﬁer % is 2 for the thermistor beads
"and =20 for the lead wires one would have expected thé
latter results to be approached more closely at this pres-
éure. One reason for the diescrepancy was undoubtably the
effect of heat lost by radiation to the chamber walls at
low préssures; For an uncoated bead the rate of heat lost
by radiation per unit temperature difference equais that
lost by convection at about 0.07 mm mercury, and a rough
computation would indicate that a 10% error in r would

result at about 0.3 mm mercury. For an aluminized ther-

mistor the error would be 107 at about 0.09 mm mercﬁry.



‘Since all the pertinent condibions were not known with suf-
ficient accuracy it was not thought desireable to attempt
to cofrect the results for radiation. Conseguently care
should be taken in using the results at pressures below

about 0.3 mm mercury.

_(e) Centrifugal Forces

1t is perhaps appropriate here to mention the centrif-
ugal accelerations which the thermistors withstood in the

cource of these tests.

Both the 10 mil and the 5 mil thermistors were run at
speeds exceeding 100 m sec™! for considerable periods with-

~out any failures. The corresponding acceleration is given

2

by V¥/r = 1002/0.152 = 6.6 x 10% n sec”

!

6.7 x 10° G.
The 15 mil thermistors withstood this loading only for short

periods and there were two failures at speeds corresponding

to about 6 x lO3 G. No failures were suffered in prolonged

periods of operatiph at speeds corresponding to 4-5000 G

acpelerations.

On the other.hand, several failures occurred with thin-

istors when speeds producing accelerations greater than

about 200 G were attempted.

196



197

CHAPTER 10

THE INFLUENCE OF THE AMBIENT TEMPERATURE ON THE

HEAT TRANSFER

10.1 Introduction

All of the tests described in the previous bhapters were
carried out ét room temperature - generglly between 22°C and
25°C. In an actual sounding, temperatures as low-gs -80°c
may be encountered and it is necescsary to know what, if any,
modificatione must be made to the resulte to make them valid

under these conditions.

These modifications may be directly related’to ﬁhe effect
of the temperature on the heat transfer coefficients hT and
hw‘ ’ Fortunately the latter are not especially sensitive to
temperature and this fact, together with the fact that we are
only dealing with errors which do not require to be evaluated
to a particularly high level of accuracy, allowe us to use

substantial simplifications.

10.2 Theoretical and ctmpirical Considerations

The heat transfer coefficients are usually expressed by

theoretical or empirical relations of the form

Nu = f(Re,Pr,iia)



where the Nussgelt number Hu = E-I-)' . We shall make the

assumption that

Nu «< Rea.Prb.I‘JIac
where in turn Re <€ Tp, Pr £ Tq, Ma < TF .

Under this circumstance h caﬁ be expressed as
. ) T w
h=h/(5)
, 0'T,

where h,. is the value of h at room temperat-ureA T To

o.
obtain a suitable value for the exponent w we shall concgid-
er a number of examples for which theoretical or cemi-empiri-

cal relatione are available.

(a) Conduction from a sphere into a stagnant medium

Nu = 2
2k
ioeo . h = —b"g

The kinetic‘-theory exprecsion for ka is

-y
.T + 245 x 10-191

kg = A

from which, approximately, k, <€ T%’ and hence

b < TZ
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(b) Cylinder and'sphere in free-molecule flow :

Usihg a theoretical formula given by Stalder et al (1951)

for long cylinders,
Nu = 0.03365 « g(s)/Kn

where Kn 'is the Knudsen number, o« the accomodation coef-
ficient and g(s) a function of the Mach number. Between
Ma =0 and Ma= 0.5, g(s) varies only 8.5%, and on

) _ ¥ T Ha _ Ma : .
noting that Kn = ( 2) 2 = 1.48 Re Ve =see that approx-
Re

. Re _ . ¥D e
imately DNu< Vo ° Now Re = f/“’ and from kinetic

theory o= B.T%(T + 110)'1. Thus to a first approximation

ve can write Re « T™L.T77 = T"%. Hence
bu< 72,78 = 171

and h o 1"L.7% = 777,

A similar result holds for spheres.

(c) Cylinders in slip-flow

Collis and Williame (1959) quote an empirical formula

of the type
Nu = A + B.Rgm where n=0.,5.
Then h = %.ka + %'ka Re®

: -1
The first term on the RHS varies as T% and the second as T ¢,



- In any particulér instanée the heat transfer from a
rocketsonde thermistor in the upper-atmosphere is somewhere
betvieen these i@galized caces. It will be cseen that there
are compencating effects in action on the heat transfer énd
that the correct exponent w lies somewhere between -} and:
+¥. For the present pufpose it will be adequate to tgke
w = 0. The expected temperature range ié approximately
200°K to 300°K, and it is therefore very unlikely that. the
error introduced by this assumption would excee@ 1l - (%)%

wvhich equals 20j.

10.3 Experimental Verification

A commercial environmental chamber was available in the
laboratory. This chamber was intended only for simulation
of conditions encountered in conventional radiosonde sound-
ings, but by using a larger vacuum pump, 'preésures as low

as 1-2 mm mercury were obtainable.

-Using this chamber, the still air time constant of a
Gulton X2047 thermistor number G-1 was measured at different
temperatures at atmosﬁneric>pressure and at 2.5 mm mercury.
| Measurements of the dissipation rate K would have perhaps
been more apﬁropriate, but it was not possible to keep thé
temperatures sufficiently steady to carry out these measure-

mente to the desired accuracy. The time constant ieg,
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however, very nearly inversely proportional to K. '

Thé results are given below in Table 8. It is seen
that there is no' significant variation of T with tempera~

ture at the two pressures. . -

TABLE 8. Meacsured Time Constant of G-1 at Different

Temperatures. )
Pressure 2.5 mm ‘ Atmos.
-40°c . 1.34 sec 1.22 sec
-13°C 1.40 sec _ 1.24 sec

+23°C 1.39 sec 1.23 sec
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CHAPTER 11.

THE ERRORS OF THERMISTORS IN ACTUAL SOUNDINGS

11.1 Introduction . . \

The tests described in thé previous Ehapters were made
under experimental conditions which only approximate those
encountered in an actual sounding, and in éenerél only one
source of error was studied at a time. In this chapter
these results will be extended and combined to i;lustréte

the behaviour of thermistors under actual conditions.

With so many parameters involved there are an almost
unlimited number of possibilities which could be decscribed.
For this reason only a few idealized cases will be selected,
and these should principally be regarded as iilustrative of
the method of using the Qork in the previous chapters. At
the same time it is hoped that the examples given will chow
the order of the errors involved in typical soundings,A and

their range of variability.

11.2 Solar Radiation Crror

(a) Effect of Lead Wire Orientation

‘It was shown in section (3.6(e)) that in evaluating the

error due to'direct solar radiation the contribution of the
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lead wires may be taken proportional to sind where & is

the éngle between the lead wires a2ud the solar beam. In a
sounding, due to parachute swing, this angle will be con-
stantly changing. An adequaté mean value for sin«c may be
obtained by assumin}«; ﬁorizontal Aleadsv witlf_x a random azimuth

angle ¢ with respect to the sun. Then
cosl = cos?S cos h

where h 1is the solar elevation angle. Hence

sin« =\/l - 005295 cos2h

and the mean value of sin« is given by an eliptical integral

of the second kind:

— 2 7 2 2 3 '
Sind = 3 \/l - CcOs (ﬁcos h dc[) (11.2.1)
Table 9 gives values of sin for vLarious solar altitudes.

TABLE 9. Einx vs Solar Elevation Angle h.
h 0 - 15 30 45 60 75 90

Fn< .64 .68 .77 .86 .93 .98 1.0

Although the thermistor beads show appreciable depart-

ures from spherical any allowance for the variation of tae
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radiation intercepted with orientation would seem to be an

unnecessary and unrealistic refinement.

(b) Reflected and Scattered Radiation from Below the

\

In many cases the thermistors will be expoced above
cloud layers or above highly reflecting terrain such as
desért sands. If a 1is the mean albedo of the cloud
cover or terrain, then, aésuming diffuse reflection, the
upward flux of radiation through a horizontal surface is
given by ad sin h . Let K&r be the cross—sectiénal area
nof the tunermictor bead. Then the energy absorbed by the

almost-spherical bead is, from geometrical considerations,
S e | : A
.aJsmh x 2 esTAT (11.2.2)

Similarly the energy absorbed per unit length of cylindrical

- lead wire is given by
ad sinh x T x\2€-, r - (11.2.3)
= 2 sw °ee

These quantiﬁies will be substantially independent of the

- orierntation of tne lead wires.

(¢) Computations of the Radiation Error

In this section the radiation error will be computed



on the aséumption that all other sources of error have Been:
eliminated. Specifically, the lead lengths will be assumed
‘lbng enough to eliminate any modification due to conduction
of heat from the support posts. In this cacse a modified
form of equation (3.1.9) holds, iﬁ‘which allowance is made
for the effects discussed in (a) and (b) above.

L1

. i 1 .
2asmh) +J esTAT (1 + 2a ginh)

r - .
_ 4 estE( Sihid +
5 =

e

AThT + 2kawp

(11.2.4)

Fig.63 chows the solar radiation error computed in this
Qay for thermistors of 5, 10 and 15 mils rominal diameter.
A solar elevation angle of 40° was assumed, and an albedo
of 0.%0. The solar absorptivities €sw and eéT were
.each set equal to 0.15, which is.very nearly the mean value
meacured for aluminized thermistors whose surfaces wvere in
good vicsual condition (see section %.6(c)). The areas of
the thermistor beads were taken as the mean of the measured
areas for the nominal size concerned, from Table 2. The

heat-trancsfer coefficients were taken from the measured

values shown in Figs.34 and 35.

In considering Fig.63 it should be kept in mind that
a variability of 150% was noted among 6sw and €sT even
for apparently well-coated taermistors, and that some with

2
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faulty coatings recorded values four or five times greater

than the ones assumed here.

Fig.64 shows the computation for the 10 mil coated therm—i
istor repeated for albedos of 0, 0.5 and 1.0, other condit-
ions being the,séme. Thé contribution of reflected radiation
may be very substantial, pérticularly over cloud cover where
albedos of 0.75 and greater have been frequentiy recorded

(Conover, 1965).

In 2 rocket sounding tnere will be times whén the therm-
istor is shaded by the swinging parachute.  Oscillations in
the temperature record due to this are common and it is some- -
times suggested (Thiele, 1966) that the amplitude of these may
be used to éetermine the radiation error. It is seen from
the above, however, that there may still be a substantial

steady contribution from reflected radiation.

It should be pointed out here that the experimental
curves obtained in section (3.6(b)) are nearly proportional to
the temperature error expected in the atmospnere under still-
air conditioné for altitudes up.to about 65 km. It will be
seen from the above discussions that.the solar rééiation error
up to this altitude may be estimated by multiplying by a

factor of . (1 + 1.8 asinh) to allow for reflected radiation.
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FIG 64, EFFECT OF ALBEDO ON SOLAR RADIATION ERROR.
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11.3 Measuring Current Error

Fig.65ka) shows the pover dissipated in the Arcasonde
thermistor as a function of resistance. This curve was
supplied to the author by ir.P.J. Harney of the Aerospace
Instrumentétion Laboratory, AFCRL. The resulting temper-
ature error for 10 mil thermistoré of 10,000 ohm and 50,000
ohm nominal resistanée are shown in Fig.65(b). These were
computed from the measured dissipation rate on the assump-
tion that the thermistor temperature was near that of the
U.S. Standard Atmosphere at each altitude level. The as-
sumption_may be quite erroneous near the top of the sound-
ing, as mentioned in Chapter 4, nevertheless it is seen
that with this particular instrumentation the errors in
temperature must be very small. 1In earlier rocketsbndes

this was not the cacse.

11.4 Conduction Error

It is not possible to give an explicit value for the
error due to conduction at a given altitude without knowing
the temperatufevof thé mountirg posts. Fof this reason it
is'more convenient to discuss the ratio of this conduction
error, 620, t§ the difference . Gl between the mpunéing
post and air temperatures. The term conduction error is

in fact often applied to this ratio, rather than to the
N\

-~
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20

ﬁas,been
61 .

actual temperature error. An expression for

derived in section 5.2.

In a given type of sounding system it would normaily be
possible to know the value of ©; within certain limits (eg.

+50%C), perhaps from the results of tests in whicn 9, was

\

1
gpecifically measured, and from this estimate deduce an

approximate value for 620.

Fig.66(a) shows the percentage conduction error as a
function of altitude and lead length for small bead tﬁerm—
ietors using 1.0 and 0.7 mil platinum-iridium leads. These
curves were derived from the measured neat-transfer coeffic-
ienﬁs given in Fig.J’4, and from the computations given in
Figs.39 and 40. Bearing in mind that a typical value of

9, might be lOOOC we cee for example that a 6°C "error might

1
be expected at 60 km, with 1 mil leads each 1 cm long. In
this case, if el was known to the nearest SOOC the error
would be known to 3°c. It is seen that greatly increased

reduction of error is obtained by using longer lead wires

and/or a smaller diemeter.

Fig.66(b) shows the same material as Fig.66(a) precent-
ed in a way more convenient for decign purpocses. This fig-
ure shows that for useful values of the conduction error the

lead length required becomes rather long above about 70 km
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and an alternative approach such as the "foil" mount would

seem degireable for uce in tnis region. .

11.5 Long-Wave Radiation Error

An expression for the long-wave radiation error was
presénted in section 6.2. Ve shall consider for illustra-
tion -purposes the case where the lead length is long enough
so that the error is not modifie‘d by conduction to the sup-

ports. Then the error can be written as

4mr G/cw/p + €4phs

e -_ Q.ﬂ. = (110501)
2 L nTAT + 2kawp
where as before,
e 4 1-28 4 4 4
Q = af TTeb + = Tea + XTP -T7 .

The quantity ¥ is the ratio of solid angle subtended by
the instrument package a2t the thermistor to 4w . If the

front of the rocketsonde is circular we can write
¥ = $(1 - cosx)
where o is the semi-angle subtended.

Fig.67 shows (11.5.1) evaluated as a function of al-

titude-for a 10 mil bead thermistor. In this hypothetical
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gxample the air temperature was assumed to be that of the
U.S. Standérd Atmosphere, 1962, énd the effective black-body
temperatugerf the environment below the sensorrwas assumed.
to be 244°K. The contribution from Tea can be neglected

at the altitudes shown. The instrument package was assumed,
for illustration, to have a constant temperature of 300°K
and to radiate as a black-body. The value of  €£ chosen
was consistent with the measured results for aluminized ther-

mistors whose surfaces were in good visual condition.

The computations show that with aluminized thermistors
the temperature errors are quite small below 70 km. The
results depend to some extent on.the value of Teb chosen,
“and variations would also be expected in an actual sounding
due to departures of the air temperature from the ctandard
atmosphere values. It is readlly verified from (11.5.1),
however,( that the change in error for a departure of 20°¢C
in either quanfity\from the reference conditions is less
than 1°C at 70 km and considerably less at lower altitudes.
The influence of the radiation received from the instru-
ment package ic significant above 65 km particularly for
& >40% To a large extent the actual value o.f”.'l‘p is

unknown, eo0 it ig best to minimize its influence by mak-

ing of as small as possible.

The computations for the uncoated bead show that the

N



errors are congiderably increased. If, in addition, the
emissivity of the lead wires were greater than 0.1 the
errors would be increased even more. In the limiting case
e = e = . ) . .

'L LT 1l the error uquld be approximately ten times

the ones shown in the computations for %L = 0.1.

11.6 Aerodynamic Heating

N

The fall velocity of a rocketsonde at a giQen altitude
depends on a large number of factore co that in general the
aerodynamic heating error will vary considerably with type
of equiprent and techniques used for the s=ounding. To il-
lustrate the typical errore involved in a sounding, Ccomp-
utations have been made using the Arcasonde fa1ll velocities
giQen in Wagne£'s 1963 report. The recovery factors were
taken from the mean results‘of Chapter 9 Fig.62, extrapol-

ated above 63 km.

The errors are very large, particularly at high alt-
itude. For example at 65 km the computed aerodynamic heat-
ing is 17.700, compared with 6°C for the solar radiation
error of an aluminized 10 mil thermistor. A correction
can, of course, be applied for this error. Because it
depends on the square of the velocity it is highly desire-
able that this correétion be based on the actual measured

fall rate of the pafticular souﬂding rather than an assumed

.. 216
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mean rate.

At very high altitudes there may be a considerable
horizontai component of the rocketsonde velocity, Eecausé
the rocketé are not normally launched exactly vertically,
and it takes a certain amounﬁ of time before the parachute
becomes fully wind-sensitive. The contribution of this
component must also be taken into accéunﬁ wheg assessing
the correction for aerodynamic heating. Ballard(i966)
gives some measured values for the horizéntal component
of velocity on'a typical Arcasonde flight. These indic-
ate, for example, a horizontal component of 300 m/sec
at 70 km although in a particular case there would be
considerable variation with the angle of launch. Taking
this component into account at 70 km would increase the

correction in the above example from 32°C to 38°c.

To apply such a correction routinely one vwould need
to make use of the relevant r#&ar data. However a major
obstacle arises in that winds at the altitude concerned
may be véry strong, speeds well in excegs of 100 Q/sec
being common (Craig (i965) p.81l). Since the epeed re-
quired is that relative to the air, the uncertainty of -
the correction would be Qery great abovelaltitudes where

the parachute was known to be wind-censitive. .
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11.7 Lag Error

The computed lag errors for hypothefical soundings in
which the‘fa.ll speed was that given for the Arcasonde by
Wagner (1963%) and in which the thermistor was assumed to be
100°C warmer than the acbient air at 70 km are chown in
Fig.69. All oﬁher gources of error were neglected and the
air temperature in this example was assumed to be that given
by the U.S. Standard Atmosphere, 1962, The time constants
used in the cbmputations were the measured ones for three

thermistors of 5, 10 and 15 mil nomirnal size.

As the rocketsonde falls, the initial temperature dif- ,
ference deéreases quite rapidly and thelthermisﬁor tempefa—
ture "rounde out” to a quasi-steady value which depends on
the,fallwspeed, lapse rate, and time constant at the alt-
itude in question. From 70 km about 4.5 km altitude is lost
by the 15 mil thermistor before "rounding out". The heights
lost by the 10 and 5 mil thermistors under the same condit-
ions are 3.5 km and 1.6 km respectively. The errors are
small for all three thermistors below 55 km, althgggh it
must be reﬁembereq tha£ theée computations do not take into
account any departures from the standard lapse rates wahich
may occur in practice. Bearing this in mind it is seen that
the 5 mil thermistor shows a wortawhile improvement over the

larger types.
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11,8 Sample Computations of Combined Temperature Errores

As a final illustration of rocketsonde thermistor errors
two examples are given below of fhe combined errors resulting
froﬁ soundings under certain assumed conditions. It should
be noted that becauce the heat transfer processes interact
somewhat the errors are not merely the algebraic sum of the
component errors discucsed above. For exampie the presence
of conduction error modifies the radiation, lag and measur-,

ing current errors.

In carrying out the computationg the.comblete formulae,
which take into account the lead wire lerngth and support
post tempérgture were used, with the ambient air tempera- .
ture T in each case replaced by the appropriate récovary

temperature Tpr =T + 0.2 rfPMz .

The first example, given in Table 10, is essentially
a récomputation of the temperature corrections given by Wag-
ner (1963). This is of interest because these corrections
‘haVe been applied in operational use, see Ballard (1965).
The assumptions»regarding support post temperature, initial
altitude of 80 km, fall velocity, thermistor reflectivity .
and emissivity, ambient air temperature etc. remain the .

same as in wazner's paper, but the formulae given in preced-

ing chapters, which take into account the effects of radiat-

221
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jon and convection on the lead wires have been used, together
with the measured heat transfer coefficients, dissipation

rates and time consestante for 10 mil bead thermistors.

TABLE 10. Temperature Errors of 10 mil Krylon-coated

Thermistor Using 0.6 cm Lead Length.

Alt Aero Cond L/W Rad S/W Rad iHeas La Total Wagner

(]

a ®

km  °C °¢c °¢c °c °¢ ¢ °c

65 17.7 14.8 -5.6 3.6 4.5 -1.4 33.6 33.5
60 8.7 5.9 =2.7 2,2 3.1 -0.6 16.6 19.0
55 407 107 -2.3 104 2.1 "'0.2 704 705

50 2.2 i 005 -l¢8 009 1.6 O 304 . 5.0
45 1.0 0.3 =1.1 0.6 1.4 +0.1 2.3 4.5
40 0.4 0.1 -0.56 0.5 1.0 0 - 1.4 3.5

35 0.2 0.1 =0.3 0.4 0.7 0 1.1 -

The results for the net error are very similar to those
giveﬂ by Wagner at the highest altitudes, although there is
probably some redistribution of the component errors. The
aerodynamic heating is pracfically the same, as the same
fall velocity was assumed in each cace. At 65 km the cond-
uction error is nearly 40;5 with the very short lead lengths
used, <co that the temperéture error is very dependent on the

ascsumed support post temperature. In an a2ctual sounding



this might differ from Wagner's assumption by as much as
50°C at this altitude, with a correéponding change of

nearly 20°C in the net error.

At lower altitudes the conduction error is reduced
considerably by convection of heat directly from the lead
wires, and this probably accounts for the fact that the

net errors are smaller than those given by Wagner.

The second example, given in Table 11, shows the
game computations carried out for an aluminized 5 mil bead

thérmistor with 0.7 mil platinum-iridiﬁm lead wires each

£

1.5 cm long. It was assumed that ésw = & T = 0.15,
that eLw = ?LT = 0.1, and that, (as in example 1),

the albedo was 0.30 2and the solar elevation angle 40°.

A measuring circuit similar to that used in the later model
Arcasonde was assumed (see section 11.3) which would pro-

duce a much smaller self-heating error in the thermistor

than that assumed in the first example.

lThe total error is greatly reduced,’ mainly as a re-
sult of a very much smaller conduction erfor. An estim-
ation of the probable variability of the total’errorkhas
beén includea.( Thié was based on a variability of +15%4
" for aerodynamic heating if derived from actual fall veloc-

ity, (this would be greatly exceeded above 65 km due to
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the possibility of horizontal velocity components as dis-
cussed above), and a variability of 15000 in support
post temperature, 10.500 for the long-wave radiation

error and 1504 for solar radiation and other errors.

TABLE 11. Temperature Errors of 5 mil Aluminized

Thermicstor Using 1.5 cm Lead Length.

Alt Aero Cond L/W Rad S/W Rad Heas Llag | Total
km °c"' ° 9 °¢ °c °¢ o
65 17.7 0.9 -0.7 5.4 0.5 -0.6 23.2 %
60 8.7 0.2 =05 2.9 0.4 -0.2 11.5 %
5 4.7 0 0.4 1.6 0.4 0.1  6.2%
50 2.2 0 -0.3 1.0 0.3 0 3.2 %
45 1.0 0 -0.2 0.7 0.2 0 1.7%
40 0.4 0 -0.1 0.5 0.1 0 0.9 %
35 0.2 0 -0.1 0.4 0 0 0.5 %
30 0.1 0 0 0.3 0 0 0.4 #
25 0 0 0 0.3 0 o 0.3 #
20 0 0 0 0.2 0 0 0.2+

4.0
2.0
1.1
0.6
0.5
Q.3
0.2

0.2 -

0.1

0.1

224‘



225

CHAPTER 12

CONCLUSIONS

(

12.1 Discussion of Regults

The results presented in the preceding chapters provide
a basis for the assessment of the errors of miniature bead
thermistors under a rather wide range of applications. 1In
discussing'these errors we should bear in mind the meteorolog-
ical requirements. In the majority of cases, because of
the variability of the atmosphere, it is unrealistic to at-
tempt to measure the air temperature at a given time to.bet-
ter than a certain degree of accuracy. On the other hand,
for climatoiogical and statistical studies it is very desire-
able that the errors average out in the mean of.2 large num-
ber of measurements. Thue there are two criteria for the
allowable errors, one for the random component and the
other for thg~s¥stematic errors, with the latter in general
more stringent. The errors discussed in this work have
mostl& been of the gystematic fype, and one of the main
purposes of the stﬁdy has been to provide experimental data

for their ascseesment and correction.

One of the major sources of error is the temperature

rise caused by direct and reflected solar radiation. This
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is usually minimized by the use of reflective coatings on
the thermistor beéds. The results of thie work chow that
at very highAaltitude the radiation absorbed by the lead
vires is egually as important as that absﬁrbed by the bead,
and that at least a¢& much attentioﬁ shogld be paid to the
reflectivity of the lead wiré'surface as to that of the
bead itself. The reflectivity of thermistor iegd wires
and of reflective aluminum coatings on the beads has been
shown to bé lower in general than that usﬁally;assoéiafed
with highiy polished surfaces of the same metals prepared
under ideal conditions, and this has been related to sﬁr-
face imperfections visible under a microscope. In many
instances‘tﬁermistéré had large imperfections some of which
would have resulted in temperature errors of up to five

times those of the better typés.

~

It will be noted from the results that in spite of
these effects the radiation error of miniature aluminized
thermistors is very small at low altitudes, especially if
allowance is made for the effect of any ventilaﬁion speed.
Because of its superior heat-transfer characteristics at
low al£itude the errors are appreciably smaller-for the Si '
"mil thermistor than for the 10 and 15 mil thermistors,
provided the reflectivities are comparable. However it

has not been verified whetner or not equally good reflect-
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ivities can in fact be obtained on the smaller thermistors.

All of the thermistor errors studied increased rapidly
above 55-60 km to the point where, above about 70 km,
the uncertainty of any corrections would become guite un-
acceptable. It is felt that with certain precautions good
results should be obtainable with rocketsonde thérmistors
up to about 65 km with the present'equipment. These pre-
cautions would have to include proper mounting 6f the therm-
istors to minimize conduction errors, use of observed vel-
écities‘in the calculation of the aerodynamic ﬂeaﬁing corr-
ection, and some form of quality control in the production (
of reflective coatings. In the past, not ali of these

requirements have been net.

Most of the discussion in thie work has been with res-
pect to thermistors mounted between mounting poste of. rel-
atively high_therma} capacity. This mounting configuration
has the advantage that the behaviour of the thermistor in an
actual sounding can be confidently predicted from simple
laboratory tests ;-it ie a.simple system whose behaviour is
regdily reprecented mathematically and whose characteristics
cén now be concidered to be fairly well known. Barlier
users of this type of mounting have used rather short lead
lengths with a resuiting high conduction errof, but by us-

-ing longer leads the error can be made very small.



The "thin film" or "foil" mounts now being used for
rocketsonde thermistors have brobably eliminated tﬁe conduct-
ion érror, at least up to 65 km, but only at the expence
of increased complexity. It is more difficult tolcarry out
laboratory tests, and difficult to relate the results to act-
ual soundings. Fér example, +the radiation error would de-
pend on the orientation of the foil with respect to the direct
and reflected radiation, and the aerodynamic heating would
probably depend on the orientation of the foil with respect
to the airflow. - Opﬁenheim (1953) shows that in free molecule

‘flo# the recovery factor for a flat plate varies by a factor
of nearly 2 bgtween flow parallei to and flow normal to the
plate. Dug fo parachute sving at high altitude the orient-

ation would not be known at a given time.

In spite of the above difficulties it chould be possible
to use the results of this work to a congiderable extent in
studying the characteristics of the foil-mounted thermistors,
for the correction equations derived above are valid if the
temperature of the supports is interpreted as tne temperature

of the foil where the thermistor lead wires are joined on.

12.2 Thermal Boundary Layer Effects

In all of the results discussed above it has been assumed

that the thermistor was exposed to air undisturbed by the
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mountings or the instrument package itself. [Much has been
written on this subject for the case of temperature measure-
ments fron floating.balloons (Key 1961, W.C. Wagner 1965),
but in the case of rocket soundings\it is usually ascsumed
that if the thermietor is situated at the forwgrd (lower)
end of the dropsonde, the relative mbtion through the air

will ensure no errors from this source (C/F Pearson 1964).

In rarefied gas flow the boundary layers are very thick,
as a result of the high value of the kinematic viscosity,
and it is not clear exactly how far from the dropsonde the
thermistor must be to be in undistgrbed air at a given fall
speed. In the Delta 1 temperature sonde used with the
Arcas rockets the thermistor is less than an inch away from
a 2% inch diameter base plate which would normally be at a
much higher temperature than the air, and a question arises

as to whether or not the clearance is really enough.

The thefﬁal boundary layers of parts of the thermistor
mount which may not be at air temperature must also be con-
sidered. ' Clark and fcCoy (1962) have described temperature
oscillations in the eérly Dartsonde found to be due to flow
of air from the rather thnick mounting posts over the therm—
istor at certain angles of'parachute swing. This subject
requires further investigation, but it is clear that unnec-

essarily thick mounting poste should be avoided.
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12.3% Recomunendationg for Future Work

It would seem that there is some scope for the improve—A
ment of the reflective coétings aﬁplied to rocketsonde ther-
mistors. The effort should to a large »exteﬁt be directed
‘towards the attainmept of more uniform reflectivities among
thermistors ratﬁer than the production of a more highly
reflective type of coating, so that any corrections applied
for the radiation error can be relied'upon. There is a pos-
sibility that a marked increase in the reflectivity due to
the achievement‘of a higher quality metallic coating may be
nullified by a drop in the thermal accommodation coefficient
and hence poorer heat transfer characteristics at very high
altitudes. Hartnett (1961) and Devienne (1965) point out
that the variation of the accommodation coefficient with the
nature and cleanliness of the surface is greater than prev-
iously supposed, and that lowerivalues generally accompany

uncontaminated surfaces.

For further tests of the reflectivities of thermistors
it is recommended that a radiation source having more nearly
the spectral content of solér radiation be used. ° This would
enable valid tests to be made on other than metallic coatings;
for example white "Krylon" coated thermictors have been used
.extensively in rocketsonde work. As a stage one improvement

a quartz-iodine lamp could be used, but ultimately a Kercury-



Xenon arc lamp would be preferred.

In view of the importance of aerodynamic heating errors,
further study should be made of thermistor recovery factors.
If the rotating arm methéd is used, more attention should
‘be given to the measurement of the Teference temperature dis-
tribution inside‘the bell jar, and to the rgdiation environ-
ment of the thermistors during the tests. By ueing coated
thermistors exclusively and applying a radiation correction
the results may be extended to lovwer pressures than were

possible in the present work.

Except for tne problem of reflective coatings, the

behaviour of thermistors themselves is now probably suffic-

iently well understood. Further experimental work is nec-
essary, however, for the study of the particular types of
mounting systems now being used by membefs of the Metgoro—
logical Rocket lietwork, to see what modifying effecte these
have on thermistor response. Since the behaviour of post-
mounted bead thermistors with suitably longilead lengths
can be confidently pfedicted from the results of simple lab-
oratory tests of thé type deécribed in this work, -it would.
be very instructive to carry out comparative soundings be-
tween a well designed mount of this type and some of these

other systems.
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APPENDIX 1

ADDlTIONAL MZASUREKENTS OF THE RESPONSE

OF THERMISTORE TO RADIATION

The following aré additional measurementes of the type
described in section 3.6(b). The results have in all cases
been corrected to obtain the temperature rice expected'for a
radiation intensity of 2.0 cal en~? min~t.  As pointéd out
in section 11.2(c) an estimate of the radiation error in an.‘
actual soundigg may be obtained from these results by mult-
iplying by a factor (1 + 1.82 sin h) to allow for reflect-
ed radiation. This procedure is valid down to pressures
of about 0.08 mm mercury (65 km) beyond which point the
particular mounting and environmental conditions used for

the tests become important.
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APPENDIX 2

ADD1TIONAL MEASUREMENTS OF THE TIME CONSTANTS AND

DISSIPATION RATES OF THER:1STORS

The following\are additional measurements of the time
constant and dissipation rates of thermicstors. The time
constants wvere megsured from observation of the cooling
rate after removal of an electrical heating current; as
described in Chapter 7, and the diesipation rates were

measured as described in Chapter 4.
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APPERDIX 3

TESTS ON ATLANTIC RESEARCH CORPORATION "THIN-FILM" MOUNWT

Some teste were carried out on a "Thin-Film" mount éup-
plied by Mr. P. Harney of AFCRL. This mount has been used
extensively on Afcasonde systeﬁs and has been described by
Rockney (1965). It consists essentially of two upright
phenolic posts 1% inches long and 4 inch apart between which
ie stretched a 1 mil thick mylar film. On opposite surfaces
of the film are vacgum—deposited two U-cheped silver films
with two legs exactly opposed on each side of the mylar. An
aluminized 10 mil bead thermistor is soldered between the tﬁo
opposing films at the bottom centre of the mount, using lead

lengths of between 1 and 2 mm.

The device was mounted over the window in the pump plate
in the position used for the tests on the other thermistors
(Chapter 3), with the mylar film (a) at right angles, and
(b) at an angle of 10° to the radiation beam. Measurements
were made of the response to radiation, the digsipation rate
and the time constant (using both the electrical heating me-
thod and the response to radiation). The 6oppér enclosure

uged in the tests of Chapter 3 was of course omitted.

The results are‘shown in Figs.A3.1l and A3.2. It will
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be noted that the time constants measured by the twovmetpods
differ considerably. The electrical method does not gupply
sufficient power to influence the temperature of the mylar
so0 only the thermistor response is observed. In practicé,
because of the very chort lead lengths, the response of the
thermistor would be heavily influenced by the response of
the mylar foil which is evidentiy somewhat slower than that

of the thermistor iteelf.

The measured radiation error of the device was quite
high even at sea level pressure. There was evidence that
in the tests, which were carried out in still air, a layer
of thefmally disturbed air was formed around the ;elatively
large mylar film which also enveloped the thermistor bead.

Thus, even at high pressures the response of the thermistor

to radiation was governed by the response of the mylar. -The -

response was expected to be considerably modified in the
presence of ventilation ahd a small ventilating fan wés in-
stalled in the chamber, directed towards the thermistor.

At sea-level pressure the radiation error dropped to a value
consistent wifh that of an aluminized thermistor, . but this
change was not observed at lower pressures probably as a

\ result_of the fan being ineffective. However it should be
noted that at sufficiently low pressures the effect of con-

duction through the short lead wires would cause.the bead to
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sense tne mylar rather than the air temperature regardless

of ventilation. ‘ o
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APPENDIX 4

WUMERICAL STUDY OF THE DYWAMIC RESPOWSE OF THERMISTORS

It was pointed out in rection 7.2 that the response of
a thermisfor to a sudden change in electrical or radiational
heating wae not exactly equivalent to its response to a2 sud-
den change in air temperature. This is because conduction
of heat into or out of the bead through the lead wires is a
considerable item in the heat budget of the bead, . and the
initial and final temperature distributions in the lead wi;es
are Quite different in each cace. To gain some quantitative
idea of the errors involved in using the electrical methods
of Chapter 7 to measure thermistor time constants rather than
using actual step changes in air teméerature some computat-
ions were made of fhe theoretical response of thermistoré,

under the respective conditions.

Congider a gection of lead wire of radius r conduct-
ivity k, and length &x. Then the heat flow into the

section by conduction is

oT oT
2 w 2 W
-rk(x=") + wmrkis=")
X X ox % + §x

and the heat flow by convection is



2mr by, 6x(T, - T.)

where T, and T, are the air and wire temperatures respect-

ively. Then if ew, Sw @are the density and specific heat

of the lead wire it follows that

3T k (%1, ©on
\'Y = w \4 - .
IS sw{ax? *r (T, Tw)} (A4.1)

Similarly, if the thermistor bead 'is situated at x=0

the heat gained by conduction is

and that gained by convection is

hpAp(T, = Tg) = hpAn(T, - To4)

where Two is the temperature of the lead wire at x==0,
and the heat gained by the dissipation of electrical power

is .
Qe

If the thermal capacity of the bead is Gy e have

aT Y
w0 _ 1 2, (W
3 CT[hTAT(Ta - Tyo) * 2wtk (gZT) o+ Qe]

(r4.2)
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Numerical solutions for the two linked equations (A4.1)
and (A4.2) vwere obtained for the following two sets of
boundary conditions, corresponding to the two methods of

measuring the time constant.

step (a) T, =0, ts0;T =1, t>0
(b) Q@ =0 =211t
(c) At t =0, T, =0 all x
(a) At x = 1.0, T,=0 allt.
Electric (2) Ta =0 all t
() @ =0, t<0;0Q =104 t>0
(¢) At t=0, T =0 allx
(d) At x = l; Tw =0 all t.

The program was arranged so that after the bead temperature
had zpproached sufficiently close to a steady value, Tavor
Qe were returned to zero, thus enabling the "cooling" part

of the response to be observed.

The éomputations were carried out for three model
thermistors - 5 and 10 mil beads having volumesvand areas
similar to actual 5 and 10 mil thermistors, and a hypo;
thetical "2 mil" gpherical thermistor whose volhme was

c
adjusted o that its basic time constant =~ was equal
' rpyS T°T
>h LI ~Densities and specific
w .
heats vwere taken from Wright (1961). The assumed physical

to that of the wire,
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constants were as follows

Lead Wire
Type Platinum-Iridium 1 mil diameter.
Radius  r=1.2T x 1072 cm

1

Conductivity k = 0.31 watt °C™% cm”

Density ey 21.45 gm cn™2

0.130 joule 0c-1 gm-l

Specific heat Sw

Beads
Density ey = 3.9 gnm e
Specific heat Sy = 0.50 joule gu~t o¢-1
Volume (a) "5 mil" 0.17 x 1072 cm’
(b) "10 mil" 1.50 x 10~ om’
Surface Area (a) "5 mil" 0.75 x 10"3 cm2
2

(b) "10 mil" 3.00 x 10~ cm2.

Values of the heat transfer coefficients hw and hT
were chosen with the aid of Figs.34 and 35 to represent
conditions at sea level and at 55 km under "still air"

conditions.

Figs.A4-1 and A4-2 show eemi-log plots of the therm-
istor temperature TT =T, for the "cooling" parts of
the two types of tests. It is ceen that the electrical

method results in a more rapid drop in thermistor temperature
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(and therefore a smaller measured time constant) thes does

a sudden drop in air teamperature, but the difference is
insignificant for the 10 wil bead and guite swall for the

5 mil bead, especially at the lewer altitude. For smaller
thermistors, however the differences become appreciable,
and alse the effects would appear to be greeter at higher
altitudes, It was not possible to extend the computztione
to higher altitudes with the computstiom scheme used becawse
of +he omall +ﬂme—s+ey requ%wed 4o maintaim an adequate mar-
gim @Fcompu%#+bﬂa¥»5¥nbﬂ\fyu
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