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ANNOTATION

The monograph presents basic information on the theory,
designs, and applications of devices for measuring heat flows
over a wide range of densities and temperatures. Results of
studies in a new field of measurement--heat-measurements.

The book is intended for scientific pers-nnel and engi-
neers working in different fields of the national economy. It
can serve as a textbook for students in senior courses in
institutions of higher learning of the corresponding speclal-
itics.
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YOREWORD

Measuring the density of heat flows takes on prime impor-
tance for most experimental investigations and industrial pro-
cesses. Successes in building new equipment and methods invar-
iably promoted the appearance of new tasks; solving these tasks
posed new requ-rements on equipment and theory. This "ehain
reaction" led to the advent of an autonomous field of measure-
ment technclogy--heat-measurements, just as fundamental a method
of experimental physics as thermometry, electrometry, and mag-
netometry, spectroscopy, and thermal dosimetry.

Thermometry unites the methods and means for obtaining
experimental information about the density of heat flows. Heat-
measurement equipment is employed not only forinvestigation, but
also f'or monitoring and regulating processes in the most wide-
ranging fields of the national economy.

Usually investigators and practitioners used heat-measure-
ments as an auxiliary means; this led to the dissipation of
manpower and the irrational employment of time with frequent
repetition of developments. Therefore, as long ago as 1955 the
author of this monograph started systematizing accumulated ex-
perience with the aim of preparing tne fundamentals for develop-
ing special methods of theoretical and experimental studies,
approaching in standardization, for example, the methods of
elecirical measurements. The results of generalizing borroved
and one's own experience accumulated as of 1964 constituted the
object of exposition in the monograph Tekhnilka teplotekhniches-
kosro eksperimenta éTechniques of Heat-Measurement Experiments/,
written by the author together with V. G. Fedorov. In an

- abridged version, these materials became part of the reference

handbool Teplovyye 1 temperaturnyye izmereniya éThermal andéd Tem-
perature leasurements/, publisned in 1965. Both books, judreing
from letters received and references in publications were &ap-
proved by the scientific and engineering community.

Compared with previous publications, this book heavily
revised and updated the overview s=ction; original investica-~
tions were redescribed. Over the past six years the arsenzal of
heat-measurement instruments was significantly renewed; thn
temperature range of measurements wWas extended, supported by
reliable calibration (80-€70° K); the number of absolute cali-
bration devices was increased; ard measurement accuracy went up.

iii

J

P i

<

iy



s e —

»

In parallel with the experimental studies and technolo- i
glcal developments, a theoretical analysis was made of the com-
plex of thermal conductivity and thermoelectricity phenomena;
this opened up the possibility of determining worthwhile forms
of structures and arriving at rational research orientations.
The .operational characteristics of sensitive .elements confirm
the theory worked out.

For isolated transducers applied to loads varying in space
and in time a theory was formulated that establishes a measure
of correspondence of generated signal to the measured flow.

All transducer dimensions were optimized.

From an analysis of the properties of battery transducers
of different types (sandwich-type, disk-type, and spiral-type)
a theory of similarity was derived, for arriving at generalized
functions and deducing calculation formulas.

Based on the proposed transducers, 36 types of derived
Instruments were designed and introduced for direct measurements
of heat losses, determining thermal conductivity, radiation
pyrometry, biomedical, and technological calorimetric investi- ’"
gations, dosimetry in nuclear reactors, and so on. These instru- '
ments are widely used in research and industrial practice.

Their use makes i1t possible to reduce heat losses, lower con-
sumption of thermal insulation, determine heat-physical proper-
ties of new substances, correctly estimete the items of heat
balance in heat-power and refrigeration installations, to ef-
fectively monitor and automate new industrial processes, and
SO on.

N SO

Information gainedovby heat-measuring units is not confined
to heat transport phenomena. For example, a correlation was
discovered between thermal conductivity and the strength of
fiber glass-reinforced plasties, which makes nondestructive
tests possible. Yhen fiber glass-reinforced plastics were
tested for fatigue, it was found that over a wide range the
dissipation energy in the unit cycle does not depend on the
working stress. Generalization of these experiments must
foster progress in the autonomous direction of investicaticns
-~heat-flow fault detection.

(YOS

A1l the original results described in this monograph were
recorded by staff members at the Laboratory of Methods of Heat
Measurements of the Institute of Engineering Heat Physics,
Ukrainian SSR Academy of Sciences, directed by the author since
its establishment. Among them special mention must be made of
V. G. Fedorov, A. D. Lebedev, T. G. Grishchenko, N. N. Gorshunov,
G. N. Pashkovskaya, L. V. Moseychuk, S. T. Glozman, L. A. Luka-
shevich, and S. A. Sazhin. The author is deeply indebted to all
of them.
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FUNDAMENTALS OF HEAT MEASUREMENT

0. A. Gerashchenko
Laboratory of Methods of Heat Measurement, Institute of
Engineering Heat Physics, Ukrainian 3SR Academy of Sciences

CHAPTER 1: METHODS OF HEAT FLOY MEASUREMENT

This chapter gives information about the development of the /5%

main i1deas behind existing methods and instruments for measuring

heat flows. The fields of knowledge for which thermal measure-

ments are vital are’ extraordinarily varied. Geothermal studies

of regions from permafrost to volecanoes; actinometric investiga-
tions of the Earth, Sun, and far-off stars; heat measurements of
organisms, organs, and tissues in biology and medicine; technical

and physical thermal measurements all the way to measurements in
nuclear reactors and on spacecraft--a far from complete list of

areas where heat measurements play a considerable role.

Different fields of knowledge have their own specific methods
and styles that delineate them from each other. So the clasnifi-
cation adopted is largely conditional. Some information is given
in a concise form.

Most information centers on instruments and methods; the
following chapters expound on these instruments and methods wilth
the fullest continuity. This is especlally true ol compensation
methods and the auxiliary wall method, on which the following
chapters are based.

Less attention is given to indirect measurements in differ-
ent autonomous regions, for example, infrared technigues. ?inally,
technical problems of instrumertal applications are examined in
a most compressed way. ’

1. Use of Energy of Change of State

Calorimetric measurements serve in determining the enersgy
of state changes in matter over a wide range of physical para-
meters to an accuracy no worse than 1 percent.

Transformations of the solid phase into the liquid phase
and back again are especially convenient for physical experiments.

Numbers in the margin indicate pagination in the foreign text.
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fhe 1in¢ of these¢ transitions for most suhstances is much re-

moved from the yriple point and coincides with the 1 sotherms

the energies_of compressiOn are negligibly small for solid and

1iquid media.

independcnt o] .
and L.aplace: who more tnan 150 years ago proposed a

rimeter, later improved on by Bunsen:

Heat-measuring elements whose pasis

is the Bunsen calorimeter 1ayout find
m

Premised on this same principle
¢ for determining ther-

5

. ERPERR £= gpecimen.
. 3 composition of the solute substances
a

temperature of the test specimen over
= fairly wide 1imits.

gransfer can also be conveniently esti-

rig- ;;hziiziétgiloShln mated from the amount ©O
1 receiving‘diaphravm limated substance: G. N. Kruzhilin a2
: W gn oy, A shvab described the experiments
2, Bunsen chamber
%' measuring uniE were determined from the amount of
. parallai stanc
‘ with air Llu6,-lu7/.
of the 1iquid formed 15 able to cvaporates i
15, is very aifficult. So Klein's results cannot be US
determining neat tran
metal cylinders).

ed when

- Heat transfer to smooth cylinders from 2 jarge volung€ of
1iquid (water, penzene, and ethylene—glycol) was investigeted
by A. G. TkacheV L§2l7. when he internreted the cxperimental
data he did nov take into account the pPOs tbil L

- fluxes varying alongm the porimeoor of the Swept pody - Evapo—

ration from the surface was precluded. The nppearance of the
1iquid phase was nov gaken into consideration. The geviation
proved Lo be the 1argest for horizontal cylinders.
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-y of the change of state is virtually

mal conductivity; with this instrument

the quantity of heatb passing throush €
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of Klein: in his work iocal heat flows
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The heat of melting can obviously be recommended for use in
quiescent conditions of measuring weak effects (Lavoisier-Laplace,
Bunsen, Voloshin, ancd Dushin-iiixolayevskiy). But in those cases
when unmonitorable mass transport is superimposed on heat trans-
ter (Kleyn and Tkachev), use of the heat of fusion can give
only qualititative resuits. :

The advantages of determining the amount of energy from the
amount of evaporated or condensed liquid come from the physical
property of substances preserving thelr {sor~ricity during iso-
thermicity and vice versa. Because of this, by maintaining the
same pressurec with relatively simple procedures, the identity
of temperatures can beachieved; this permits setting up separa-
ting partitions with zero thermal flow, that is, insulators that
are near-ideal.

One of the first successful attempts in building a stean
calorimeter is descrited in / g /. To find the heat capacity of
different bodies, metals and alloys in particular, a preweighed
body is heated for a long time in a high-bolilinyg li0wu:'d, then
quickly placed in a vessel containing a low-boiling liquid at
the boiling point. Ethyl ester and acetaldehyde are used as
the low-boiling liquids. The heat of cooling of the test body
is estimated from the volune of evaporated liquid.

In 1887 Bunsen proposed a steam calorimeter in which the
heat of reaction is determined from the amount of liquid con-
densed on the body.

Applying the heat of vaporization is widely in practice
today. A standardized supply of energy is afforded ordinarily
by the condensation of steam. To measure the mean heat flow,
the test sectlion is enclosed in two coaxial metal housings.
Both housings are fed with mently superheated steam at the same
pressure; therefore the walls of the inner housing are isother-
mal and 40 not allow heat to escape. The only energy user in
this case 1s the test tube, iocated in the inner housing. The
condensate is removed from it separately and under rmeasuremenc.
From the amount ol condensate at lnown steam parameters we esti-
mate the heat flow.

Superheating the steam a few degreces avoids the chance of
the liquid phase falling into the housings. Losses throurh the
structural members owiniz to thermal conductivity are determined
in "dry run" experiments of the installation. This arrangerent
was used in studying heat transfer to the air within the lcnyr
tube /229/ and by studying heat transfer when there is bolling
on flat plates heated from within with condernsible steam /212/.

Lt wem e
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Difficulties cropped up tecazuse of the need cf sectional- /8
izine steam heating to get the locz1l charactnristics. Drew and
Ryan /1“6,, in suudJLn: heat transfer frem the surface of a

¢ylinder transversely swept by air, divided the eylinder into
compartments and measured the flow of condensate from each com-
bariment separately. They were able to get the low values
averaged over fairly larze areas. Similar _methods were applied
also by other researchers /15 97, 99, 276/.

neasurerﬂnt of the heat flcow
from the amount of evaporated liguid
is useh *n the instrument described
in /2 feor determining the coeffi-
cient oi thermal conductivity by the
plate method (Fig. 2). Housinr 4
filled 41tn boiling liguid serves
as the chiller in the instrument.
The central vessel 5 has separate
steam removal; the steam is directed
to the removable coil 2. The volure
of the condensate formed 1is measured
with ﬁracuate cylinder 8, Stean
from the circular (ruard) part of
the vessel condenses on the cooled
coll 1 in the top part of the vessel.
A similar device was provosed for
deteriiining the coefficients of
thermal conductivity of vacuum insu-
lation materials with different mech-
anical loads /907.

i a fmat
?;r'dgteiifﬁ:nﬁ %EZPAQLQP A.sim%lar method was used in an
conductivity: invesE; a?;on of Intensifying Eeat
1. internal coil transfer in the tube because of in-
2. removable coil serts rerturbing the air flow znd
3. vessel of removal coil in a ;tud; of heat transfer frcm )
4., instru mnq@ housins the air to the tube in the case of
5. central vessel large [low rates /99, 107/.
~ 2]
?: ﬁgzgezp;?iggn The amount of evaporated lgquid
8. graduated cylinder w;s recorgeo elthgr rqr the volume
9. silite heater iow of tneﬂfeed liQUiG.OP fro:m.
10. thermal insulation ?he velume flow of liguid condensed
into steuln.

s relyin«< cn the use of
ates of matter usually
he error can be lowered

The error in heat {'lcu "‘ﬁ'"ur'f‘" 3¢}
the energy of transformations of the 3
does not exceed 5 percent. Sometimes the
to 1 percent in caloriretric reasure: wents,
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2. Liquid-Enthalpy ilethod /9

This method is based on the fact that when acted on by <
measured heat flow a liquid cooling a receiving vessel undergoes
a change in enthalpy. It is used Just as often as described in
the preceding section. The two methods differ in that, for
determining the change in the cumulative enthalpy, besides the
volume flow of the cooling medium the change in temperature
must be measured. Doing the latter invol es sizable diffi-
culties: where the measured heat is supplied (or removed), .
the temperature is lnevitably <istributed unevenly in the cool-
ing medium; but if the medium succeeds in being mixed fairly
well, losses aad perturbations have an effect.

! 2 3 <
\ - 7
e 00 O
"O-O-00

7/]??. D —— g
6§ s
Fig. 3 C. G. Abbot water-jet pyrhcliometer:

1. instrument housing 6. thermometric device
2. Dewar flask at outlet
3. calibration section 7. dinlet of cooling water
4, recelving~absorbing §. outlet of cooling water
section
5. thermometric device
at inlet

When radiant enerzy is measured in the atmosphere, use is
made of the so-called waver-jet actinometer that W. A. Michel-
son proposed in 1900 and that C. G. Abbot (Fig. 3) developed
in 1905. The receiver was made in the form of a hollow conical
model of an absoiute blackbody bath>d by water. To reduce the
errors of rmeasurement, the temperature of the cooling water 1is
kept at the ambient air temperature.

In the United States and Latin American countries the
water-jet instrument is regarded as an absolute instrumeter:
all actinometric instruments are compared with it. The accuracy
of these measurements made with accuracy customiary for astrono-
mers can be judged from the following quotation /10/: "The so-
called verified Smithsonian scale of 1913, bascd on m2asurcments
with two absolute instruments--water-jet and water-jacketed

\

B



Ty T RITR T s s s

B L T LT L T b T T S e e s

. UCIBILITY OF THE
REPROD - AGE 15 POOR

ORIGINAL PA
pyrheliometers, provided approximately 2.5 percent overstated
values; this was arrived _at by Abbo%t and Aldrich on a new elec-
trically compensated pyrheliometer in 1932. Comparison with
data of the Angstrom compensation pyrheliometer disclosed yet
another lav"ge difference; however, here we must take into ac-
count the correction for thernmal conductivity in the Angstronm
pyrheliomi.ter. After allowing for the correction, this differ-
ence will be 2.3-2.4 percent. Measurements by other kinds of

absolute instruments give the same correction values. Thus, /10

data of the 1.13 Smithsonian scale at present must be decreased
by 2.4 percent."

Nonetheless the measurements
of Aldrich and Hoover, made in
1952, differ only by 1.8 percent
from the 1913 data. In 1956 the
"International Pyrheliometric
Scale of 1956" was adopted in
Davos; according to it, data of
the initial Angstrom scale nust
be increased by 1.5 percent (the
correction for thermal conducti-
vity), and the data of the 1913
Smithsonian scale must be reduced
by 2 percent.

So the joint efforts of all
actinometrists with a large number
of instruments and observations
taken at many observatories in
the world for more than a century
made 1t possible to bring the
accuracy of measurement of the

Fig. U4 Perry water-jet radiant incident flux to .5 per-
calorimeter: cent. lMore exact data are ac-
cepted on agreement. In the
1. receiving plate technical measurements the errors
2. calorimeter housing of this method are usually con-
3. 1inlet connection for siderably, sometimes by one
ccoaling water order of magnitude, higher. Let
b, stuffing box of differ- us look at some examples.
ential trermocouple
5. outlet connection of In studying heat transfer

cooling water from a hot gas Jjet to a
cooled plate, in various condi-
o tions of jet streaming, K. P,
Perry /3047 used a miniature water calorirmeter; its layout is
shown in Fig. 4. :
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The plate swept with the hot jet is cooled with running
water. The calorimeter proper (a 16.5 mm diameter metal olug)
is inserted into an opening in the plate, on a 0.1 mm thick
mica heat-insulating pad. The rise in the temperature of the
water cooling the calorimeter is measured with a chromel-con-
stan battery of 40 thermocouples. In a standard copper-constan-
tan thermocouple the copper is replaced with chromel--to reduce
heat iosses. The calorimeter body is made of an acrylate plas-
tic--perspeks, which conducts heat poorly. One merit of the
unit 1s that the temperature of the calorimeter surface doces
not differ from the temperature of the adjoining plate areas.
So the calorimeter does not introduce perturbations into the
thermal and hydrodynamic patterns of the test phenomenon.

When the heat transfer from the hot air tc the cooled tube /11
was investigated for the case of high subscnic velocities by V.
L. Lel'chuk, he measured the trend in the cooling water temper-
ature along the_tube and from its derivative local heat transfer
was estimated /154/. Compressed air was injected into the water
- for better mixing. The heat balance was reduced to an error of )
15 percent.  Taking note of the arduous, experimental conditions, i
the measurement accuracy must be considered as high. :

To verify the analytical method of caleculating the flows
from the readings of two thermocouples embedded at different
depths in the wall of a rocket enging noczle, when determining
heat fluxes of approximately 105 W/m » A. Witte and E. Harper
used a device similar to the Perry calorimeter /332/. The cal-
orimeters were copper shells with envelopes of polyester resia,
for organized rlow of the cooling medium. The volume flow of
water through each calorimeter was measured with a truncazted
Venturi cavitation nozzle, and the temperature rise--with chre-
mel-constantan differential thermocouples.

V. :
A. ;
- i

b

VWater-jet instruments were used for varied purposes b
S. Dvernyakov and V. V. Pasichnyy /100/, S. S. Filimonov,
Khrustalev, and V. N. Adrianov /228/, A. B. Willoughby /33
and others. -7

O e

3. Electrometric Method

Electric heaters are often uced in experimental practice.
Their advantagers are the simplicity of control, compactness,
and high accuracy in measurin;s the energy supplied. For z mon-
itorable heatv flux in the surface area under study there is need
for reliable insulatlon; this can bte obtaincd by using prctac-
tive and compensation heaters. Orsanization of effective moni-
toring of heat losses complicates the experiment and makes the
unit cumbersome.
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One of_the first successful proposals is credited to . V.
Kirpichev /1297. 1In studying heat transfer fron a transversely
swept cylinder, he had it placed tightly against platinum strips
making up a2 row. Each strip simultaneously functioned as a
heater, calorimeter, and resistance thermometer. Since the cyl-
inder was entirely surrounded with heaters, heat loss from the
strips Into the cylinder-base body could be neglected.

Similar measurements were made by A. S. Sinel'nikov and
A. S. Chashchikhin: they lined the porcelain cylinders with
nichrome strips /207/.

In studying local heat transfer from plate to air in the
case of large subsonic velocities, B. S. Petukhov, A. A. Detlaf,
and V. V. Kirillov wound around a framework of delta-wood thin
(0.25 mm) constantan ribbon 10 mm wide /180/. The gap (0.5 mm) /12
between the turns was filled with toothpaSte. Copper-constantan
thermocouples were secured to the ribbon with a thin layer of
BF-2 insulating cement. The specific power was estimated from

. the current passing through the riobon, and from the voltage

drop. Because the resistivity of constantan does not depend on
temperature, the voltage drop was adequately measured when done
only at two points. The ribbon thermal conductivity was neg-
lected. The measurement errors did not exceed +2 percent. Of
ail the methods examined, this one 1s the most reliable.

When he investigated heat
transfer from a rapidly rotating
‘ disk to air sweeping around the
disk in pointed jets, L. A. Xuz-
netsov used a miniature electrical
heater, shown in Fig. 5 /151/.
Welded into a copper case, 10 mm
in diameter, in its center was a
constantan rod; around it the
electric heater was formed in an
insulating compound. From the
constantan rod and the copper casec
stretch the corresponding like-
valucd conductors of the thermo-
couple measuring the temperature
- of the swept surface. The case
was pressed into a2 slab of heat-
Fig. 5 L. A. Kuznetsov insulating material; but the losses
electric calcerimeter were found to be so large that they
had to be determined in "dry run"
experiments as a function of the
calorimeter temperature.
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In studying heat transfer in members of different kinds of
machines, T. G. Sergiyevskayz /20L/, V. A. Mal'tsev /158/, R. A,
Seban /315/, and other investi;yztors made similar measurements. ;
In mea§urTng local heat transfer frem a uniformly heated sphere
to a forced flow, Brown, Pitts, and Leppert 4?57 assenbled models
of spheres of separately hezted sections. The sphere concsisted
of 11 copper segments all the same in height (3.2 mm), separated
with 0.25 mm thick teflon interlayers. Nichrome heater spirals
were insulated witu magnesium oxide and laid in stainless steel
tubes. The heaters were laid tightly in circular grooves in
each segment and connected in series with each other. The power
values of the heater elements in the segments were the same;
for the same lateral segment surfaces this was responsible for
the constancy of the flow recorded from the spherical surface
(the authors neglected the temperature effect on electrical re-
sistance). To determine the local heat transfer coefficients,
an iron-constantan thermocouple was mounted in each segment. /13
The emf measurement scheme allowed connecting each thermocouple
counter to the thermocouple measuring the temperature gf the
incident flow. The flow interval was (2.2-12):10" %W/m¢. 1In ;
most of the experiments the error due to axial heat overflow ¢
did not exceed 5 percent and cnly in individual cases &id the ‘
error climb to 15 percent (for small Reynolds' numbers).

Electric heaters standardized as to power values are used
in measuring thermal conductivity in several metrologically _
legalized methods /186/, in the methods of A. B. Golovanov /907,
Ye. S. Platunov and V. V. Kurevin /1847, B. N. Oleynik, T. Z.
Chadovich, and Yu. A, Kiricherko /1757, V. G. Shatenshteyn
/23%/. and others.

As a rule, electrometric units are used also in compensa-
tion circuits, examined in Chapter MNine of this book.

4, Dilato-resistometric and Thermoelectric Methods

In 1800, when invectigating the distribution of the density
of incident energy in the sclar spectrum, Sir_William Herschel
used a high-sensitivity mercury thermometer 4219/.

In 1825 D. Herschel used the blackened receiver of a mer- ;
curcy thermometer in measuring solar radiation--this instrument
must evidently be re;arded as the first pyrheliometer.

Later, Arago and Davy /2, 13/ proposed pyrheliometer designs
in whose basis two thermometers Were embodied, differing from
each other by the fact that the receiver of one was blackened,
and the other was left shiny. The receivers were arranged in a
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row, the measuring stacks directed downward. Both receivers are
simultaneously exposed to the radiation flux measured. The flow
value is estimated from the difference in the measurements of
the readings of the thermometers occurring during exposure.,

The Arago-Davy instrument is convenient and simple so that
it is in service at present £T19, 120, l9§7. N. N. Kalitin
gave the thermometer receivers a spherical shape. Capillaries
extend from the receivers from the spherical side, and the flat
round. parts of the receivers serve as receiving areas. The
frame bearing the thermometers is placed on a parallax stand.

Poulliet designed a water-filled metal vessel with black-
ened bottom for receiving radiation; a mercury thermometer was
pPlaced in the vessel /2097. From the exposure time and the
extent of heating of The unit, we can estimate the flux. Simi-
lar pyrheliometers improved by Abbot have been used effectively
in the western hemisphere to the present time.

~N

|

Fig. 6 4. A. Michelson actinometer:
1. bimetal plate L. reflecting shield
2. quartz filament 5. receiving window
3. extensicn 6. microscope

In the Abbot actinometer the incident-energy detecctor is
a massive silver body /120/. Its volume is reduced to the mini-
mum necessary for accormodating the receiver of the mnercury
thermometer. For beitep contact, the cavity in which the
thermometer bead is plzced is filled with mercury and for the
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mercury not <o dissolve the silver, the thermometer and the
mercury are in an iron capsule dead-end pressed into the silver
recelving body. The silver disk, the massive blind with several

dlaphragms, and a special angular thermometer are mounted on a
parallax stand.

Other dilatometric systems, finding service in industrial
thermometers, have also been used as thermometric receiving
units in radiomsters.

Employed quite widely, particularly in the USSR, is the bi-
metallic actincmeter proposed by W. A. Michelson /1687 and later
improved by his stucdents and his successors /120, 2M6/ Basic
to the instrument (Fig. 6) is a thin (several tens of micro-
meters) bimetailic (invar-iron) strip 1, located in a copper
cylinder with a window 5 through which the exposure is made.

By one side the strip is rigidly mounted on the housing, and

by the other the extender 3, extruded of approximately 10 um
thin aluminum foil, is mounted by a boxlike cross-section.

The detection sirip is blackened by one of the accepted methods
/187 At one end the extender has a shield 4 whitened with
hydrated magnesium carbonate and a quartz filament 2. During
exposure, the bimetal plate is heated and its bending is recorded
from the displacement of the quartz filament in the field of the
microscope 6 mounted in the copper housing. The theory of the

W. A. Michelson was elaborated by S. I. Savinov /198/.

K. Buttner /255/ worked out
a version of the Michelson acti-
nometer; in it, a panel with a
receiving bimetal plate contains
- S two more bimetallic sections,
e e N E; located during the exposure in
I~

the shadow and compensated against
the receiving plate with change in
the temperature of the actinometer
‘as a whole. The scheme of thc
temperature compensation of the
Buttner actinometer was uscd in
Fig. 7 N. N. Kalitin mono- che Novogrudskiy actinometer.

metallic actinometer

Expansion of the monometal
plate was used in the N. N. Kal-
itin actinometer /118/, schema-
tically shown in Fig. 7. Mounted

on the invar support is a blackened constantan ribbon. In its
middle secticn this ribbon is stretched toward the side with a
spring. UWhen tne ribbon temperature rises, its deflection
pointer swings over under the action of the pulling force of the

11
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spring. The shift in the deflection pointer is recorded by an
indicator. The ribbon is mounted on insulators; because of this
the instrument can be calibrated from the power of the electric
current passed through it. Given the thin ribbon thickness, the

" end effects owing to thermal conductivity are insignificant.

Constructed on this same principie is the V. D. Tret'yakov mono-
metallic actinometer /222/.

With the advent of thermocouples, the dimensions of the re-
ceiving bodies of the radiometers have teen considerably reduced.
The electrode cross-section was ,radually brought to several
square micromete.s; as this was btelng done, the inertia of the
thermoccuples began to be measured In microseconds. Series con-
nection of the thermocouples into so-called thermopiles and the
considerable improvement in the galvanoneters made 1t possible
to ralse instrumental sensitivity.

The sensitive thermoelectric elements are widely used in
radjometry /120, 126, 2467. 1In particular, the S. I. Savinov
instrument is employed in actinometry /197/; for measuring the
heat fluxes passing through the walls of combustion chambers
in rocket engines--the radiometers of D. P. Sellers_ /2007, G.
Ye. Ozhigov, V. G. Smirnov, and Yu. A. Sokovishin /173/, and
others. -

Ordinarily, the receiving strips are blacxened; but 1n scine
cases the value of the flux measured is so high that its ab=nrp-
tion and removal are made difficult. To reduce the absorption,
the receiver is sometimes made with high reflectivity.

As an example, we can mention the N. I. Alekseyev-L. M.
Shestopalov calorimeter /16/ for measuring laser ray energies.

Boys in 1887 suggested short-circuiting the thermoelectric
circuit and, by placing it in a magnetic field, using 1t as a
galvanometer frame /8, 210/. A schematlc drawing of this device,
which the author called a microradiometer, is shown in Fip. 8.
The frame is suspended on a quartz filament; at the same strength
the quartz filament is much more elastic than the metal suspen-
sions of galvanometers. Because of the decreased electrical re-
sistance down to a minimum, the microradiometer--given the same
area of the receiving plate--has the highest sensitivity of pre-
sently known instruments. The large inertia and the capricicus-
ness of instrument handling, as well as the complex manufactur-
ing technology limit its wide application.

By increasing the sensitivity of the mirror galvanomecter
through focussing the reflected light spot on a secondary dif-
ferential thermocouple, Moll and Burger in 1925 fcund the

/16
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equivalent sensitivit:
10-11 A/mm,
/289-2937.

with the frame resis
Later, this idea was

vy of the instrument
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to be aporoximately
tance of approximately 100 ohms
applied in photocompensation

amplifigrs;vat bPresent all the most sensitive series~manufac-

tured electrical Instruments are

)

C

Fig. 8 Boys microradiometer:
1. window

2. mirror

3. ‘circuit-frame

b, magnet

5. housing

6. receiving area

7. thermopile

widely used in radiometric and e
/161, 162, 166, 230/. The adven
simplify the task of building wi

equipped with these amplifiers.

In waveguides thermoelec-
tric and calorimetric series
devices are used for recording
intense long-wave fluxes. Com-
plete and detailed descriptions
of thermoeclement designs are
presented 1n the monograph of
R. Smith, F. Jones, and R. Ches-
mer /210/ and in extensive art-
lcles by L. Geiling /268/ and
R. Stair /317/. -

Detailed bibliographic
references on the sensitive ele~
ments of infrared detection sys-
tems are given in the reports of
R. W. VWolf /3337, R. G. White
/3297, and M. Kimmitt /1277,

A radiometric system in

which change in temperature under

the effect of measured radiation
is recorded with a resistance
thermometer is called, on Lang-~
ley's suggestion, a bolometer
/1397.

In addition to thermoelec-
tric systems, resistance thermo-
meters are used successfully
and in some temperature ranges
the practical temperature scale
is metrologically replicated.
Since the sensitivity of these
Systems is sufficilent for recor-
ding a temperature change of
less than 0.001 des, they are
specially spectrometric systems
t of thermistors did_mugh
deband radiometers /3227,

.
“C
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In recent years neans of conscious control of the proper-
ties of substances have been noted in sclid-state physics. As
an example, we can mentlon thermistors: their temperature coef~
ficient is nearly an order of magnitude higher than for wire
resistances /211, 213/.

In the case of independent control of ihe relationship of
resistance with temperature, it becomes possibl: to use bolo-
mefric temperature amplifiers.

The heat balance equation of the bolometric element in
vacuum has the following form:

4 4
Py it Pop= k(T =T, (I.1)

where Pe 1 1s .electrical losses, Pmea is the measured power of
the absorbed radiation, and TO is the ambient temperature.

Usually the values of the electrical losses tend, as far
a5 possible, to a minimum. The power of the electrical losses
Pe 1 is expended in raising the receiver temperature. If the

released power values are represented mainly in the measured
Parame<er, the incremental heating can be regarded as & kind of
thermal amplification of the signal.

When there is material present for which over some tempera-
ture range, the resistance can be approximated by the equaticn

R=hT'—A (I.2)

We can select the current I0 values and the ambient temperatures
TO SO that the equality

LR = k(T —T}). 4 (I.3)
can be satisfied.

In this case, when the receiver curr.nt I = T s the receiver
temperature will be indeterminate. When I > IO’ the system is

unstable with regard to temperature and receiver 1s heated in

an avalanche-1like way to fallure cr the beminnins of deviation
from the function (I.2). IrI<T1I » the system becomes stable
and capable of responding in a radgometric bolcireter to some
incremental (measuredq) power. ‘“When there is a small difference
IO — I, the small povier received by ihe sensitive elemont czuses

significant chanpes in itg temperature and r¢sistance.  Corres-
ponding to a weak measured sicnal is the considerable, but
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limited, heating of the receiver by means of electrical losses.

Unfortunately, Eq.

(I.2) can be satisfied only in a very narrow

temperature range, therefore these amplifying circuits have not
yet far found practical application.

5. Evaporographic Method

One of the first attempts at recording images in infrared
11lumination by the evaporographic method was successfully

achieved by M. Czerny /259/.

Characteristic of the Czerny ex-~

periments is the elaborate thought and simplicity of the equip-

ment (Fig. 9).
meter glass tube 2,

The working chamber is formed in a 50 mm dia-
150 mm in length.
tube at the burner 1s fitted to a cork 1;

The upper edge of the
the low.r edge is

polished and a celluloid menmbrane 5, 0.5 um thick, coated from
beneath with turpentine black by the Rubens-Hoffman method,
i1s secured to the lower edge of the tube..

NN
s
X
{3
—= |
1 =] A
’ —/
LS

Fig. 9. M. Czerny infra-
red chamber:

cork

glass tube

heatir.y spiral
evaporation vessel
receiving membrane

. .

Ul =0 o -

tion were recorded.

In his studies, M.

Czerny made mention of D.

A miniature glass test tube
4 filled with camphor oil, naph-

thalene, or some other heavy hydrc-

carbon 1is suspended in the chamber
on heating spi.al 3.

Heating spiral 3 is switched
on to prepare the chamber. The
hydrocarbon filling the test tube
melts, gradually evaporates, and
settles in a thin layer on the
chamber walls and tha celluloid
membrane 5. Test tube heating
is ended when the white settled
mattelike layer evenly suppresses
Jts «wn interference film pattern.

Ylhen the image is exposed on
the blackened side of the film,
from the opposite side orf the film
campho™ sublimates at a raté thsat
is proporticonal to the energy il-
lumination of the section. Thus

the first long-lived visible images

of objects in infrared illumina-

Herschel, who

in 1840 had recorded a visible imaye of a pattern in infrared

1llumination by ecxposing it on filter paper soaked with ethanol,

evaporating raster from the nore illuminated areas.

e ey o — oS e
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The technique of making celluloid fiims blacked with car- /19
bon black by the Rubens-Hoffman method, according to M. Czerny's
description /2587, amounts to the following. The film is ob-
tained by pouring cellulose nitrate varnish on water; film
thickness depends on tie water temperature. From the w.ater the
film 1s stripped off with a glass plate so that between the
pPlate and the film remains-a bubble-free water interlayer, and
the edges are pendent. Then the fi1lm is smoked in a turpentine
flame. The water interlayer between the film and the glass pro-
motes cooling needed for the carben black to settlec. The even-
ness of the carbon biack coating is monitored visually, and the
absolute thickness is determined with reference samples. Sam-~
Ple replicates are dissolved in acetone and the parted carbon
black is weighed.

M. Czerny determined the spectral permeability of carbon-
black-coated celluloid films /2587. For example, gor the case
of a coating with a thickness of 34.2 mg/decimeter s there is
the following transmission spectrum:

‘ Wavelength, }m .4,
I

' 0.9 52
Permeability, percent 0.0 5

1 9
. 50,7 67,7

When the density of the carbon black coating was increased,
so did the wavelengsth at which transmission begins to consider-
ably increasec. Czerny pointed to tiie possibility of obtaining
4 narrow-band infrared image with a light filter consisting of
two films with different density of carbon black coating. The
short-wave region is captured by the first film and the long~-
wave region, after a narrow absorbed band, is transmitted by
the second film.

Later, on the principle of the M. Czerny device, a number
of night-vision infrared-illuminated devices /160, 1637 and
instruments forspectral analysis of long-wave radiation /102,
211, 225/ were built. Their sensitive element was also 7 very
thin blaclkened celluloid membrane placed in a chamber at a pres-
sure of about 1 newton/m<. The pressure in the chamber is deter-
mined by the o0il vaporizer regine. The thickness of the oi1l
film on the celluloid membrane depends on the pressure of the
o1l vapor in the evaporograph chamber and the energy illumina-
tion of the membranc Section. For visual observation of the
patterns exposed in infrared 1llumination, the oil fiim 1is
“1luminated with "cold" visible light.  The resolvine power
extends to 14 lines per mm when the temperature difference is
10 degrees. From the colors orf the interference ficlds, with
high accuracy we can estimate the energy illumination of the
region, and this means also the density of the incident enerey.
Some pre-excited phosphors, when acted on by infrared radiation,
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begin to glcw In the visible reglon of the spectrun. This bro-
perty was taken as the basis of a metascope /145, 169/ and can
be used for comparative estimates of fluxes of long-wave energy.

6. Pneumatic and Optical Methods ' /20
Underlying the Instruments classed with the pneumatic

method are the gas thermometers, exhibiting the highest sensi-
tivity and acecuracy of measurements /186, 2747.

Fig. 10 Golay cell arrangement:

1. 1light source 4, channel
2, 7. gratings 5. window
3, 6. membranes 8. photocell

In contrast to metrolosical ras thermcreters, the volumes
of the receiving chambers of pneu%atic indicators of radiant
energy _usuzlly do not exceed 1 cm”; the cumulative heat capacity
1s 10-3 J/dess. These small values corirespond to the heat capa-
cities of the thinnest (0.02-0.5 um) film enclosures of the
vorking volumes and make it possible, for large flux values,
to achieve decreases in the time constant down to milliseconds.
The temperature sensitivity can be trourht to 106-5 der. When
an instrument is designed for long exposures of the order cof
100 s, this makes it possible to record nermlinibly weak fluxes
of the order of 10-10 i,

Gases absorb radiant enerry enly in narrow spectral bands.
To extend the absorption spectrum, the recelving chamber iz

17
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filled with a fluffy ahsorber (wit
animal origin) and by subsecgvern: h
This carbon "down", at moderute he
ficant absorptivity and its presen
than inertia in the instrument.

-
v

h
e
a
c

In the widely known Golay cell
metrﬁc functions are exercised by ¢
3 mm> in volume, counnected to ¢ach
a sufficiently large cross-section
does not have a marked effect, and
working chambers is small (Fig. 10)

the flinest down of plant or
at treatment 1t 15 carbonized.
¢ capacity, exhibits signi-
e increases sensitivity nore

s the differential thermo-
wo £ cavities, each about
other with a channel that has
so that 1ts hydraulic drag

1ts volume compared with the
/102, 2197.

The receiving chamber is covered with blackened membrane

6. The measured radiation passes t
window 5, is absorbed by membrane

the membrene the gas enclosed in th
gas, on expanding, causes the nirro

Information about the membrane
tory. The indicator membrane is a
aluminized with a layer such that t
1s 270 ohms. And the membrane rema
reflects light. The receiving menmb
1s coated with antimony blaczk.

Fig. 11 Pneumatic receiver
of radiant enersy of A. 4.
Sivkov and V. V. Cud:

1. glass housing 5. absorber
2. electrodes 6. strain
3. working chamber cage

4, membrane foil

hrough a halite (rock salt)
s and heats together with

e receiving chamber. Heated
r membrane 3 to sag.

construction is contradic-
0.01 um thiek collodium film,
he resistance of a unit area
ins flexible and adecuately
rane 1s also collodium and

To eliminate the effect
of slow chanre -in atmospheric
pressure, the instrument
cavities are connected to
the atmosphere with a capil-
lary of small enough cross-
section such that the working
pressurc in the chambers dur-

in;z the measuring time can be
reducced by a nenlipibly small
amount .

The system of photopneu-
matic amplification is con-
structed so that, with a plane
rmirror membrane, the lirht
passing from source 1 throush
a condenser and openings in
grating 2, on beingz reflected
by membrane 3, is incident at
the "bars" of grating 7 and
does not reach photocell 8.
The grating spacing is ceight

/21
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lines per mm. For the smallest curvatures of the mirror mem-
brane, the lipght bands reflected by it begin passing through
grating 7 to the photeocell; 1its current is recorded with an
automatic recorder.

Inforrmation about manufactured Golay cells 1s limited.
We can state with good certainty that they arc used to record
the threshold sensitivity of about 2-°10-9 W, for a resolving
frequency of about 30 Hz. The data presented on the sensiti-
vity of 1010 v at a frequency of 2 kHz are not reliable and,
it appears, werc obtained by successive . uaperimposing of
extrapolations in which, as we know, information entropy rises
significantly. The OAP-1, OAP-2, and OAP-4 radiation receilvers
are similarly constructed.

A. A. Sivkov and V. V. Gud /206/ (Fig. 11) proposed a sim-
plified design of a pneumatic receiver. Radiant energy heats
absorbing body 5, and beyond it also the air in the chember 3;
on expanding, the air presses on membrane 4. This leads to a
change in the electrical resistance of the strain-gage foil 6.

In working parameters the first instrument was much infer-
ior to series-manufactured OAP receivers. Still, we can under- /22
stand the authors' hope of possible improvement in all charac-
teristics, in particular, through combining the strain-gage
effect with the bolecmetric in the strip carried cn the membrane.
The effectiveness of using the working volume in this instru-
ment must be greater than in the Golay cell.

As the sensitivity ilncreases 1n pneumatic receivers, the
time constant also grows larger. The relations between sensi-
tivity and inertia were explored in detail for these recelvers
by N. A. Pankratov /176/.

The optical method of investigation proposed by E. Shmidt
and carried out by V. S. Zhukovskiy, A. V. Kireyev, and L. P.
Shamshev AIO§7 only indirectly resembles the above-described
methods. When light propagates in a compositionally homogenecus
medium, its velocity cdepends on the optical density of the me-
dium; ir turn, the optical density is a function of the mass
density, and thus, of temperature and pressure. When there 1s
a mass density gradient, any light ray not parallel to the
density gradient vector curves toward the side of greater
density of the medium.

In all cases when there is convective heat transfer, in im-
mediate proximity tc the heat transfer surface there is a lami-
nar sublayer in which heat transfers by means ol thermal con-
ductivity. For small projections of the pressure gradient on

e ——t d— . S o A s



& perpendlicular to the heat transfer surface, the relative den-
sity gradlient will equal in macnitude the relative temperature
gradient, but is opposite to it in sense.

The relatively short cylinder investipated was 1lluminated
"With a narrow circular beam of varallel rays of light. Devia-
tion of the rays was recorded on a film sufficiently distant
from the output (for the light rays) face of the cylinder. The
angle of deviation of the rays at the output was proportional
to the temperatice gradient in the sublayer, and thus, to the
heat flux passing through the cylinder surface at the glven
generatrix. The measurement proved to be correct if the rays
did not extend beyond the boundaries of the laminar sublayer
and if the regions of the end-face perturbations were small.
In fact, the heat balance was satlsfactorily reduced only for
small fluxes. For large fluxes, the heat balance could not be
recorded, to a large extent. This is 2xplained by the fact
that corresponding to large fluxes is the early exiting of the
beam from tne boundary sublayer in the region of reduced den-
sity gradient.

7. Inertial Calorimeters

The first calorimetric inctruments (Lavoisier, Lanlace,
Bunsen, and others) were intendei for determiring heut capa-
cities from the amount of heat liberated and from the tempera-
ture change. The availability of information about heat capa-
city lets us measure the amount of absorbed or lost heat from
the change in measuring body temperature. For actinometric _
purposes this instrument was first used by D. Herschel /1, 9/,
and later Abbot developed instruments_that have found applica-
tion up to the present time /126, 2467.

To estimate the field strenzth of heat flows in steam
boiler fireboxes, M. V. Kirpichev and G. M. Kondrat'yev deve-
loped a fairly simple device: it consisted of a massive copper
cylinder with a thermocouple embedded into it. The amount of
heat taken up by the block was reasured from the cylinder heat-
ing time *n a speciric temperature range, with a known block
heat_capacity. Later, this device was used by Bauek and Thring
/250/. and R. Gase replaced the cylindrical form of the flow
recelver with a spherical shape.

One defliclency of the receivers described is that they
cannot be used in determiningz the sense of the vector of the
quantity measured. So I. Kacantsev left only one face black~
ened 1n an analogous copper cylinder for measuring hemispher-
ical radiation. All the other cvylinder surfaces were insu-
lated from the housing with an air cap.
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_ _I. Fazantsev's calorimeters
/236/ are used widely in the inves

Lyt b | tigation of industrial furnaces.
N .'d,ajff Particularly effective applica-
"i ——t—==7" tion was found for these caloril-
N T R e e o 1 meters by V. S, Kocho /143/--he

N }““QNﬁ§}§§3§,z proposed simultaneously measuring
N fg»%y{}; \\\\ with two radiometers that have

N g:ﬁgqu different degrees of absorption
NIERNIIN tﬁ‘§y: by the sensitive surfaces. This
NIREIR {§$§‘§ application permits the approxi-
NISHS .J ’g“li mate estimation of the convective
T NL:;jm'w'- and radiative hcat transfer compo-

is no interactlon between the com-

Fig. 12 Maulard inertial POnents.
calorimeter:.
For megsuring fluxes up to
1. receiving body 250-103 ¥/m? when the receiver

temperature was as high as 600° C,
Maulard /285/ used an inertial
heat receliver made of technically
pure gold. Gold was the choice
for its high corrcsion resistance, 1its high reflectivity, and
its high thermal conductivity. Tne receiver (Fig. 12) was

a 25 mm diameter disk, 4 mm in thickness. The irradiated side
was blackened with hich-intensity paint capable of service up
to 800° C; the other two surfaces were polished to reduce the
radiation losses and heat leakage. The disk was mounted in the
gilded depression of a massive nichral block of three platinum-
rhodium rod 0.5 mm in diameter. The gap between the disk and
the block was 1.5 mm. Located in the nichral block was a
heater; with it the block was heated up to the assumed tempera-
ture for a certain period before exposure. Because of this,
the receiving disk was less heated than the housing at the
start of the experilment. During the exposure the behavior of
the absolute disk temperature and of the difference between the
temperatures of the nichral block and the disk was recorded.
The reading was taken at the instant when ti:e disk temperature
equalled the block temperature, which must indicate the absence
of heat 1losses.

2. housing
3. heater

The resultant flux--the difference between the fluxes re-
celved by and irradiated by the receiving surface--was defllinead
~as the product of the mass heat capacity of the receiving disx
per unit area, by the derivative with respect to disk tempera-
ture at the instant of recording. The latter was determined

nents, on the assumption that there
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graphically, by drawing a tangent to the temperature plot; OR
dt
9=tz (I.4)

The instrument coefficient i depends lineariy on tempera-
ture and 1s 0,243 J/mc-der at 00 ¢ fop the receiver dimensions
indicated, ang at 600° C-20.250 J/m ‘degs.  The measurement
error, as per Maulard's suggestion, was 5-10 percent.

An inertiul Peceiver similar ip design was described in
a review article by F. K. Stempel and D. L. Rall /3187. Use of
two transducers with different absorption coefficients enabled

Moran positioned a copper block in a complexly shaped
collar machined from fused quartz 4293/. The temperature was
measured with a thermocouple calked into the block. Its signal
was recorded automatically both during exposure and during cool-
ing. The latter was hecessary for determining the losses; they
Were added to the flux calculated by Eq. (I.4).

In shock tubes the duration of the stages in the Processes
studied was approximately 10-4 g, And the thickness of the re-
ceiving inertial bart must be of the order of 10~¢ mm. Rose andg

Start /3117 used for these measurements resistance thermomsters
in the form or thin (about 0.03 mm) platinum films deposited on

a pyrex base. The heat absorbeq was expended mainly in ralsing

the film temperature, which was estimated from the change in film
resistance. The correction for heat leakage was determined fronm
solving the thermal conductivity eéquation for the semibounded

Pyrex base, with fourth-order boundary conditions, as a function

of the thickness and material of the deposited film, allowing /25
for the eXposure time. Heat leakage in in ividual cases vas

10 percent of the mezsured quantity,

On the other hand, the inertia of the platinum film low-
ered the rate of changze in the film temperature cermpared with
adjacent sections of the uncoated zlass; this introduced appre-
ciable errors in the heat transfep Drocess studiec. It Was ex-
perimentally very difficult to eliminate or allow for the rer-
turbing effect of the retal film. So T. Sprinks /3167 deter-
mined the correction for the effect of loecal nonisothermicity of
the surface bartially occupied by the transducer from the arpro-
ximate solution of the boundary layer equations, allowing for the
berturbing efreect or this nonisothermicity.

o ‘i!’;f



8. Instruments Based on Photoelectric and Radiometric Effects

Characteristic of instruments based on photoelectric effects
is the direct conversion of the radiant energy of photons to the
energy of the liberated electrons. So the nature of the array
of the phenomena accompanying this conversion differs widely
from the nature of radiant heat transfer, receivers in this
group are little used for calorimetric measurements. Their
prime drawback is the large spectral inhomogeneity of sensiti-
vity. .

Recelvers employing the following effects find practical
application:

a) external photoelectric effect, in which the absorption
of a photon by a thin metal film is accompanied by electron
emission in the adjacent vacuum-treated or allowed space filled

b) internal photoelectric effect, in which absorption of
radiation quanta is accompanied by the release of free elec-
trons capable of accumulating within a solid in the form of a
noticeable difference in electrical potentials

¢) internal photoelectric effect, accompanied by a notice-
able change in electrical resistance.

Intrinsic to elements in all three subgroups is selectivity
of reception, so as a rule they are used with narrow-band light
filters, as occurs, for example, in the FEP-3 and FEP-4 series-
manufactured pyrometers.

Over the past 20-30 years elements of the third subgrcup
have been widely employed; they rely on the photoconductivity
effect. In some cases sufficiently wideband receivers wvere
made /305/. At the present time formulations have been fourd
that effectively react to radiation at wavelengths longer than
10 pm. Granted, deep cooling to the boiling point_of nitrcren,
hvd;ogen, and sometimes even helium must be used /102, 210, 211,
213/.

The threshold sensitivity of photoconductors to monochro- égg
matic radiation is two orders of rmarnitude greater than for
thermopiles and bolometers, and the time constant is measured
in microseconds. So lead sulfifﬁ photoconductors have a thresh-
0ld sensitivity. as high as 10~ Y when there fluctuations in
the signal at a frequency in the 1-17 Hz band.

n
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Therefcre, photoconductors are in service most often for
measuring the smallest possible fluxes, when the sensitivity of
the receiving element becomes the principal desired property
/102 163, 210, 211, 333/

At flrst, in instruments of the radiometric subgroup 1t was
suggested *to estimate the density of radiant energy from the
pressure exerted on the absorbing or reflectinp obstacle. The
phenomenon of light pressure was noted by J. Kepler as associ-
ated with the lccation of comet tails during travel near the
Sun. In 1874 William Crookes designed a torsion balance; on
its arm were symmetrically positioned, with respect to the axis,
identical mica wafers, deposited on one side with reflecting
aluminum, and the other--blackened, evidently with antimony.

The wafers were arranged so that during exposure, one of them
received the rays with the blackened side, and the other--with
the shiny side. The actual force was found to be directed

to the side opposite the expected side and in magnitude was
much less than the value predicted theoretically.

In 1899 P. N. Lebedev succeeded in measuring the actual
light pressure. While relatively weak energy densities had to
be dealt with, the designs of instruments using light pressure
failed. " Only after the appearance of lasers the application of
the ponderomotive effect proved (o be so effective that it was
possible, even without resorting to vacuum treatment, to build
torsion balances measuring the energy of a light beam. But the
radiometric effect had not yet been given an exhaustive quanti-
tative explanation and took on the significance of a separate
problem that had ¢ngaged many famous physicists.

M. Knudsen worked out the kinetic theory for gas in cavi-
ties whose dimensions are commensurable or less than the mean
free molecular path length /780/. Tnhis success led him to dis-
cover the pressure gradient in fine-porous bodies coincident
in direction with the temnerature gradient. The new effect en-
abled Knudsen to be the rirst to give a qualitative explanztion
to the appearance of the radliometric moment.

Usually the working rocker arm of the radlometer is in the
vacuum-treated space. Between the arm and the aperture thrcugh
which passes the radiant flux under neasurement 1s form a cavity.
For the case when the mean free molecular path length 1s larce
compared to the distance between the arm and the aperture, ¥Xnud-
sen worked out a theory analogous to the theory of the effect in /27
porous bodies. When there are no intermediate collisions, the
molecules reflected from the more heated side of the wafer carry
some excess momentum compared to molecules reflected from the
colder side. The blackened side of the arm during irradiation
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was found to be more heated and so the Pressure on it was higher
than on the shiny side. From this theory it follows that the
force acting on the arm is directly proportional to its area and
to the temperature difference formed on the arms. Theoretical
data agree fairly closely with measurements at pressures to
0.3 newtons/m<¢ and the distance between the wafers of more than
0.1 mm.

For_thg case of intermediate collisions, Peter Debye con-
ceived 7260/ of a theory in agreement with t.e measurements at
higher pressures.

In attempting to explain several experimental facts, Albert
Einstein /25817 theoretically determined that per unit area of

the radiometear arm there must be in action a force

1 2*ur :
=5pa, (I.5)

where x 1s the direction perpendicular to the plane of the arm,
and the value of the free path length A is commensurable with
the wafer thickness. and is small relative to its transverse g§:-.
mensions, and P is the pressure of the medium surrounding the
radiometer arm.

Later_th;s theory was experimentally validated by P.
Schmudde 1315/ using a system of balances whose arms had the same
areas and different perimeters,

Up to ncw there has a lack of full clarity in the quanti-
tative manifestations of the radiometric effect, Nonetheless
the results or measurements by many Investigators agree quite
closely with each other.

At high pressures the medium begins to behave as a contin-~
uum in which naturally the pressure in all points of the vessel
is the samne,.

"Ouing to the constancy of the radiometric force at a fixed
pressure during a long period many physicists tried to apply the
device described in measuring the inci-ent radiation flux. As
to design, the instruments were made either as torsion balances
in which the radiometric moment twisted an elastic quartz fila-
ment, and the measured quantity was estimated from the anfgle of
rotation, or as a miniature turbina with black-shiny arms, freely
resting on a Tulcrum; its rotational velocity is proportional to
the density of the incident flux. A number of purely practical
difficulties, in particular the dependence of pressure in the
vessel on the wall temperature impeded the building of instru- /28
ments of this type satisfying elementary requirements as to
accuracy, sensitivity, and reproducibility or measurements,

25
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9. Compensating Radlometers

Compensating instruments can be classified into one- and
two-element types. Usually, thermal compensation is effected
by electric heating. In one-element instruments, by compensa-
tion heating the element sensitive to the measured flux s
periodically calibrated. Viewed from a remote analogy, these
instruments are like spring balances, periodically checked

with reference standard welights.

Two-element radiometers are constructed on the base of a
differential calorimeter. The sensitive arm permits control-
ling the identicalness of the energy suppiy. One of the ele-
ments receives the flux measured, the other--compensation elec-
tric heating. The fundamental basis of these instruments is
the same as in a double-arm beam balance, so many principles
of welghing theory 4TO3, 1657 are applicable to measurements
using compensating instruments, Jjust as to bridge and compen-
sated electrical measurements /I237.

The K. Angstrom pyrheliometer is a typlcal two-eclement
instrument £§M§7. The general view and electrical circuilt of
the instrument are shown in Fig. 13. One of the manganin plates
1 or 2 serves as the receiver of the radiation measured. The
plate dimensions are usually 19x2x0.02 rm3, They are mounted
on current lead-ins in an ebonite frame 3 and, on the side
facing the radiation source, they are blackened on tcp with
platinum black to a thickness of not more than 0.01 mm. The
junctions of the differential thermocouple are soldered with
insuliting lacquer on the rear, unilluminated, side, to each
plate. In some cases the thermocouple junctions are soldered
to copper strips, which are cemented co manganin plates.

.Together with frame 3, the plates are mounted on an ebonite

housing 8 using current lead-in rods and are placed in a copper
tubular sleeve 14. Trom the receiving side the sleeve is cov-
ered with copper frame 15 with two slitlike opening 23x5 mne in
size. The spacing between the frame and the receiving plates
exceeds 50 mm. Since the dimensions of the frame slits are
larger than the dimensions of the receiving plates, the instru-
ment has a tolerance relative to the placement angle for measure-
ment along the vertical of 130 and alonpg the horizontal--of 5C,
In some cases the frames are made with smaller tolerances. Be-
hind the frame 15 is a valve controlled with hook 18. Vith the
valve access can be opened to the measured flux simultancously
at two receiving plates or at onrne of them separately. Both

The current of the differential thermocouple is monitored /2
with galvanometer 22. In the classical versicn, only one pair =~
of junctions is used, so the galvanometer sensitivity must be
quite hipgh.
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Fig. 13 Scheme (a). and general view (b) of
Angstrom compensating pyrheliometer:

1, 2. manganin receiving plates

3. ebonite Trame

L, 5. Junctions of differential thermocouple

6, 7. terminals of differential thermocouple

8. ebonite housing

9. common power terminal

10. selector switch

11, 12, 13. selector switch segments

10, 14, tubular sleeve

15. panel

16, 17. instrument sighting device

18. panel valve hook

19. stand

20, 21. adjusting mechanisms

22. galvanometer

23. ammeter

24. ballast resistance

25, 26. switch

27. battery

28. control rheostat

circuit
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Pcwer supply to the pyrheliometer comes from a storage
battery of a dry cell. . The potential difference at the plates
must be much less than the battery emf. So ballast resistance
24 1s connected to the circuit to prevent scorching. Compen-
sation heating is regulated with double rheostat 28.

The measurements are made by systematically alternating
the plates. When there is a deviation in the measurements as
between the plates (allowed only in the fourth decimal place),
the arithmetic mean is taken as the result.

For faster measurements use is made of incomplete compen-
sation, by first determining the scale division of the galvano-
meter in an unbalenced state. During later measurements the
corresponding correction is introduced, proportional to the
deviation of the galvanometer at the instant of reading. In
this case 1t 1s also customary to alternate the plates.

The compensating power is measured to high accuracy. /30 ‘
Using bridge instruments and reference standard resistances, '

the error in determining the plate heating power can be lou- i

ered to 0.01 percent. It is much harder to monitor the geome-
trical dimensions of the plates and the identicalness of their
thermal operating conditions. 1In particular, the nonidentical-
ness of the conditions in which energy is removed by thermal
conductivity, discovered in 1914 by K. Angstrom-~the energy
being supplied radiatively and electrically--led to an error

of 1.5 percent /I07/.

Analogous compensating instruments were developed for mea-
suring the Earth's radiation (a pyrhelicmeter with four plates)
and also scattered and total atmospheric radiation (pyranometer).
Later they were somewhat improved on by numerous scientists and
students of K. Angstrom.

For higher sensitivity, F. Ye. Voloshin suggested that the
number of differential thermocouple junctions in the Angstrom
pyrheliometer be increased to three or four.

As applled to heat-engineering radiation measurements under
the Angstrom scheme, but in a specific design formulation, the
author of the present mopograph developed a radioneter for mea- .
suring fluxes to 20 kY/m< /51/. The D. T. Kokorev radiometer ?
/TI34/ is constructed on the same principle. Two hollow chambers
{Fig. 14), extruded from copper foil, are placed within brass
cups, which are cooled externally with running water. The heads
of the differential thermocouple are embedded in the walls of
the internal copper chambers. The radiative flux enters one of
the chembers through a relatively small aperture in a massive

s
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water-cooled partition. Compensating electric heaters in spiral
form are placed within the chambers. To compensate for the con-
vective components, the second chamber connects to the ambient
Space through an angular channel.

The radiometer is calibrated by irradiating with a plane
blackened heater with known dimensions and temperature. The
density of the incident flux is calculated from the tempera-
tures of radiator and receiver, with allowance for the geome—~
trical factors and the degree of blackness., Essentially, no
use is made here or the possibilities of the compensation
principle, since substitution of the places and roles of the
chambers, as well as verifying identicalness are not pro-
vided for. The conditions of ventilation of the working and
compensating chambers are dissimilar. Nonetheless, the energy
balance i1s taken with an accuracy of 5.8 percent. The measure-
ment error is apparently of the same error.

For measuring the intense fluxes (to 12°10° w/m?), aA. B. /31

Willoughby proposed the design of_a radiomazter with two hollow ~
models of an absolute blackbody /330/. Fig. 15 presents a
schematic drawing of one of them. The chamber is formed of

a massive hollow copper cylinder with screw grooves within

for the electric heater spiral and externally--for water in-
flow. On one side the cylinder 1s closed off with a water-
cooled cone, and on the other--with a massive, separately

cooled diaphragm. Cooling water from a common tank with con-
stant level upstream of the chambers is divided into two Jets
identical in volume flow. Downstream of the chambers the water
passes through glass tubes in each of whose walls four Junctions
of the differential thermoelectric battery are embedded. Thus,
the radiative and electrical heating are balanced according to
the exit water temperature. As a resuit of testing for chamber
ldenticalness, a marked discrepancy was discovered between their
readings when the same flux was measured. Owing to the large
inertia of the massive chambers, the duration of each measure-
ment cycle (with two chambers) amounted to 15 min. The flux
value was assumed equal to the root-mean-square value of the
measurements. The assumed error did not exceed +2 percent.

One-element compensating calorimeters are much simpler,
but less accurate. A typical representative of these instru-
ments is the ORGRES calorimeter (the Trust "Organization of
Operations at State Electric Power Stations"), developed by
I. Ya. Zalkind, A. V. Anan'in, and I. M. Kormer /109, 110/
(Fig. 16). This instrument was intended for measuring the
heat release from the surface because of free or wealkly forced
convection. The housing of the sensitive element is constructed
50 that the area of its lateral surface beyond the limits of the

29
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. Fig. 14 D. T. Kokorev Fig. 15 Chamber of A. B. Wil- ;
radiometer ‘loughby compensating radiometer ;

central recess 1s equal to the area of the lower surfacce placed
against the source of the flux measured. Pad 8 and flat heater
2 are placed in the central recess in successive layers between
two plate resistance thermometers 1.

In the working regime, the variation in heater pover is
chosen so that the flux thrcugh the heat insulation is equal to
zero; this can be estimated from the bridge balance; resistance
thermometers are included in the arms of this bridge. Since the
instrument housing is made of material with high thermal con- /32
ductivity (aluminum); heat sensed from below is transmitted
without substantial thermal resistance to to the cooling medium
through the lateral surfaces. Thus, all the heater energy is
transmitted through the known area of the central recess in the
housing. A method of_calculating these calorimeters was worked
out by D. M. Dudnik /104/.

There are doubtful aspects to the ORGRES instrument; how-
ever, as a whole it satisfies technical requirements and passed
state tests in the All-Union Scientific Research Institute of
Metrology imeni D. I. Mendeleyev (VHNIIM). At present these
instruments are manufactured in series of several hundreds of
units a year for monitoring quality of heat insulation. A simi-
lar instrument was patented in the United States by P. Storke
/3197 only by 1963.
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An instrument for deter-
mining thermnal conductivity by
the stationary flux method was
proposed as a special use of

the calorimeter described /1107.

In a similar instrument
G. G. Schastvlivyy /217, 2187
added one more heater, placing
it under the insulating vad
(Fig. 17). Ihis made it pos-
sible to measure the thermal
flux from the upper heater in
the case when there is an ab-
sence or an Insufficiency of
the main flux from the body on
which the transducer is placed.
The temperature was measured
wilth thermocouples. The instru-
ments were used for determining
the local coefficients of heat
transfer to the cooling medium
in the channels of the electric
machines without allowing for
the nonisothermicity of the
heat transfer surface. This
procedure evidently can be
applied only in clarifying the

Fig. 16 Design (a) and elec- relative efficiency of heat

tric diagrams of ORGRES transfer surfaces.
calorimeter: V. A. Mal'tsev used sys-
1. resistance thermometer tems like these in blow~throughs
2. heater of cold models of eclectrical
3. heater rheostat machine rotors /1587.
4. resistance for varying -~
reading limits When heat lluxes are mea-
5. milliammeter : sured, an effort must be made
6. resistance of bridge tc have the thermal conditions
circuit on the section occupied by the
7. null instrument calorimeter to be the same as
8. heat-insulating pad before it is placed.
9. calorimeter housing

Compensating calorimeters /33

—--especially two-element types—-—
are absolute instruments of the highest measurement accuracy.
So the compensation method is often used in making absolute
instruments with which series-manufactured heat fluxes are
calibrated (see Chapter 4). But as to sensitivity, generally
they are much inferior to thermoelectric, photoelectric and
pneumatic instruments, and to bolometers.
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Fig. 17 G. G. Schastlivyy calorimeter

10. Auxiliary Wall Method

Basically the method amounts to placing a wall with known
thermal conductivity on the path of the measured flux. All
that remair: is determining the temperature drop and calcula-
ting the flux from the equation

r:=5-'-\g—- (1.6)

As customary, the effect of the presence of the measuring
part 1s best minimized, so the auxiliary wall, 1f possible. must
not be supplementary, as it 1is sometimes called. But in those
cases when an auxiliary resistance 1s inavoidable, it is neces-
sary to know not only the absolute magnitude, but also its pro-
portion in the total thermal resistance of the circult conduc~
ting the measured flux.

One of the first calorimetric instruments based on the
principle of the auxiliary wall and that have been brought to
the stape_of series manufacturing is the E. Schmidt ribbon calo-
rimeter /313/. It 1s widely in service at present for measuring
heat losses through heat insulation. A rubber ribbon 600-650 mm
long, 60-70 mm wide, and 3-5 mm thick is used in making the E,
Schmidt calorimeter. About 200 junctions of a *attery of dif-
ferential thermocouples are placed in series on both ribbon
surfaccs. Next, the surface is covered with a millimeter layer
of crude rubber and i: vulcanized. The current-collecting con-
ductors are extended throurh terminals embedded in the rubber.
The small ends of the ribbon have accessories with which the
"helt" 1s fastened with a tichtness fit on the convex insula-
tion surface. Owing to the cumbersomeness and larpme inertiza
of the "belts," they are not_convenient in use. VWhen the dimen-
sionless values of the time T are the same, the time of the
actual arrival at the regime of measuring with the "belts" is
two orders of mapgnitude greater than for sandwich-type trans-
ducers (sce Chapter 3), and four orders greater than for is»o-
lated transducers (see Chapter 2). Still they are used widely.

/

I



————— Lol Ll

|
|
|
!

AR Bt i o A
c o,
.

Calorimeters developed in the Leningrad Technological
Institute of the Refrigeration Industry are analogous in con-
cept, but somewhat different in design. In this case a battery
of 600-900 pairs of junctions is secured in a rubber disk 300 mm
in diameter and 6 mm in thickness. Because of the increase in
the number of junctions, the sensitivity is two to three times
higher than in the Schmidt "belts."

Disk-calorimeters 60-90 mm in diameter and 3-8 mm thick
were develeped in the 'Moscow Teploproyekt Institute for measur-
ing fluxes to 1000 W/m2. The number of thermocouple Jjunctions
is increased to 1500-2000, and the thermoc-uples as such are
rmade by the galvanic: methnd The auxiliary wall is asscmbled
of paronite blocks wound with constantan, each tura being half-
copper-plated. The set of blocks is cemented between two thin
(1 mm) paronite disks. The signal generated with this kind of
transducer 1s sent to an indicating millivoltmeter.

The Beckman and Wightly company /2877 makes heat flux
transducers differing from those described above by.less thick- .
ness. The transducer dimensions are 115x115x1.5 mm3; the ther- i
mocouple is consgantan—silver constantan; the instrument sensi- i
tivity is 19 W/m“°nmV. ' ;

The Joyce and Lebl compeny has been manufacturing since
1936 calcrimeters in two type clacses-~50 and 100 @:mm in 41
meter /283/. 1In these calorimeters the housing of the copper—
constantan calorimeter and the shell of the entire transducer
are made of polyethylene., Owing to the use of polyethylene,
the transducer temperature does not exceed 70° C. This same
calorimeter, with a diameter of approximately 300 mm, was used
in instruments for detgermining the thermal conductivity of wet
insulaling materials /278/ Used for these same purpcses was
a structure woven of asbestos cardboard strips (warp) and ribbon
thermopiles (weft) /309/ A bimetallic copper-constantan strip
successively undercut once with the copper side and once with
the constantan side was used in making the thermopile. The
strip thickness was 0.08 mm and its width was 0.6 mm. Exter-
nally the "fabric" was overlaid wlth asbestos paper, impreg- ;
nated with phenolic resins, and heat-pressed. Thur, a slab :
resulted, 300x300 mmz in size, clos> to asbestos-textolite 1n
strength and external_appearance. In the central part of the !
slab was a 150x150 mm2 measuring section, with about 200 thermo-

pile junctions.

This kind of calorimetric fabric (glass-reinforced ribbon
with bimetallic cut strip) was used by Lawton et al /2837 in
the desipn of a calorimeter for determining heat transfer and
heat production of animals (Pig. 18). The thickness of the
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glass-reinforced ribbons was 0.4 mm; th» total thickness of
the calorimeter shell was about 1 mm. Because of the large
arca and the small thickness of the fabric covering all the
interior surface of the calorimeter chamber, the authors wvere
able to achieve high instrument sensltivity with low inertia.

Fig. 18 Lawton fabric calorimeter:

1. ccpper 3. glass-reinforced
2. ccnstantan ribbon |
L, 1line of junction of
copper with constantan

A_calorimeter with an auxiliary polymethylmethacrylate
wall /1367 was built -and used in measuring heat fluxes from
the bottom of inland waters. The thermal conductivity of poly-
methylmethacrylate is close to the thermal conductivity of ice;
polymethylmethacrylate has wholly satisfactory electrical insu-
lating, processing, and cperational properties. So these trans-
ducers are used for measurements of heat fluxes_in permafrost
regions and areas with high volcanic activity /111, 112, 18§7.

To eliminate the perturbations introduced by the presence
of the calorimeter, V. V. Shabanov and Ye. P. Galyamin proposed
selecting for the auxiliary wall a material that has dispersive=-
ness, c<rosity, and thermal conductivity similar to these
characieristics in the soil in which it is proposed to make the
measucernents /238/. Yu. L. Rozenshtyuk and M. A. Kaganov pro-
posed making the auxiliary wall composite of materials that are
contrasting in thermal conductivity in order to attain a thermal
conductivity identical to the ambient value by varying the com-
ponent thicknesses /I947.




Studies of heat and mass transfer in solil are needed to
clarify a number of vital problems in agronomy. Because of
this, several calorimeter designs were dcveloped as appropriate
to specific experimental conditlions. In 1950 measurements of
this kind vere made by E. L. Dikon, and in 1955 by L. G. HMorris
et al /295/. The latter, in particular, built calorimeters /36
based on the auxlliiary wall method with nickel wire resistance
thermometers. For greater water stabllity, the transducer was
coated several times with copper chloride and araldite. In_ _
the United States a similar instrument was buillt by Watts /328/.

For bioclimatic studles
in s2il, often used are banked
thermoelectric transducers with
an intermediate wall of glass,

! for example,_the calorimeters
of Schacke /312/_and Fransilla
and Huovila /2G47. The sensi-
tivity of these instruments
is approximately 3-10-° V-m/W.
W. Warmbt wrapped a cushion
of glass-reinforced fabric par-
tially with copper constantan,
impregnated 1t with araldite,
and covered it over_with alu-
minum foil /325-327/. V.
Fig. 19 VNIIMT calorimeter: Warmbt assumed that araldite-
impregnated glass-reinforced
1. openings for thermocouples fabric has a thermal conducti-
2. vrecelving block vity that 1s the same as for
3. blind soll. For water permeability,
along the transducer bed sev-
eral openings were made until
the araldite has completely hardened.

b
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Similar instruments, described by a number of authors, per-
mit--to a large extent--finding the pattern of heat and mass
transfer in the soil layer and the interaction across the surface
with the immediate atmosphere at different seasons and on differ-
ent days /254, 262, 267, 281, 324/.

Measuring the temperature drops involves conslderable dif-
ficulties, coming from the indeterminacy of the thermal resis-
tances of the elements connected with the auxiliary wall.

For measuring large flux densitles the auxiliary wall is
made metallic. Fig. 19 shows the VNIIMT (All-Unlon Scientific
Research Institute of Metallurgical Heat Englneering) radio-
meter with conductive heat removal 4239/. A copper or steel
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block 2, cylindrical in form, is irradiated from one end, and
from the other it is cooled with running water. Thermocouples

are embedded through side bored holes along the block axis. The

receiving body 1s protected with blind 3 against lateral heat
flows.

The calculated determination of the flow measures is not
reliable. Calibration with absolute reference instruments can
made the measurements more accurate and simplify instrument
design. Single-conductor thermocouples are generally used
in the thermal probes, with material of the receiving block
serving as the intermediate electrode of tne differentcial
thermocouple.

To measure the resultant fluxes in open hearth furnaces,
VNIIMT staff members_developed a probe with two oppositely
oriented receivers /236/. For better sensitivity when weak
fluxes are measured, the receiving body was made of two parts
with internal bore.

When the thermocouples were used as indicators of temper-
ature difference, 1t was tempting to merge the functions of
auxiliary wall with the functions of intermediate thermo-elec-
trode of the differential thermocouple /&9, 113, 262, 271/.

For example, E. L. Dikon used cast bismuth as the matevi°1 for
the mlddle layer of the auxiliary wall in measuring thermal
fluxes In soil. One design feature of thils transducer is the
derarcation of the central measuring part using a thin layer

of insulation. Bismuth has a high thermoelectric coefficient
and a low thermal conductivity, but a value that is higher than
for soil. One drawback is the dependence of the thermoelectric
coefficient of bismuth on temperature. So this transducer can
be recommend:=d for use only in a narrow temperature range in
which calibretion is ccnducted. This 13 also true for the G.
Falkenburg c:lorimeter, where Wood's alloy was used in place

of bismuth /Lo27 The calibration characteristics of the E. L.
Dikon and G. Falkenburg calorimeters differed by 30 percent
from the cal:ulated characsteristics; thls c¢an be explalnad

by the consiizrable effect of impurities on the thermoelectric
properties o: bismuth alloys.

Alloys ¢ technically pure (99.(-99.9 percent) tellurium
with copper 2nd silver /2717 were used by Hatfield and Wilkins

as the auxiliasry wall material. In the 15-100° C range an alloy

of two parts tellurium and one part pure silver is the most
sultable. These transducers were later bullt by the_Joyce and

Lebl /2877 and National_Instrument Laboratories /272/ companies.

For pure tellurium /211/, as a function of temperature the
thermoelectric coefficient twice changes sign, attaining the
maximum value (8GO0 uV/deg) in the 100-200° K range.
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One disadvantage of alloys containing semiconductor con-
stituents 1s the marked dependence of the thermoelectric coef-
flcient on temperature. Materials in thermo-clectrodes of
standard thermocouples are less sensitive, but more stable and
therefore have found wide use.

In measuring high-density fluxes, I. Vrolik used a copper
block with ccnstantan current-collecting plates as the auxiliary
wall /G67.

- As the sensi.ive element of a total-radiation radiometer,
A. A. Piskunov and I. N. El'ke used a_single chromel rod with
copel current-collecting conductors /182/. .

New materials for calorimeters must be sought for not only
among conductors and semiconductors, but also among insulators,
especially poor insulators (semi-insulators). Good insulators /38
(BeO, MgO, Al,0,, and others) are poor choices for use, since
thelr high elecgrical resistance limits the possibllities of
signal measurement.

In Table 1, characteristics of several oxides and their
mixtures are presented, based on the measurements of Fischer
et al /263/. From Table 1 we can see that some mixtures with
large short-circuit current values can be entirely sultable
for the intermediate wall. In those cases when the thermal
resistance of transducers does not have significance, they will
generate 'signals exceeding the signals of tranducers made of
other materials. One disadvantage of semi-insulators is their
high thermal resistance and the temperature dependence of the
thermal propertices. So semiconductors and semi-insulators
find practically no use in heat-measuring components.

11. Calorimeters with Transverse Flow Component

In these Instruments the flux received passes entirely or
in part through an auxiliary part, changing 1ts initial direc-
tion. Designs of these instruments were described by R. Gardon
/265, 266/, A. S. Sergeyev /202, 203/, and Stempecl /3187.

A diagram of the R. Gardon instrument i1s shown in Fig. 20.
An opening in the copper bluck 2 is covered with constantan
plate 1, soldered to the block along the periphery. Energy
recelved by the constantan foil partially streams radially to /3
the copper block and is partially lost to the ambient medium.
The heated junction is formed in the center of the plate with
the soldered copper wire 3. The constantan plate is usually
thinner than 0.3 mm. So the statlonary mode sets in relatively

REPRODUCHHLHWTOP’HHC 7
ORIGINAL PAGE 1S Poon

R S P



REPRODUCIRILITY OF TH
AL E
"ORIGINAL PAGE IS Pnonp

Table 1
(b Tesncranym j2(Cz, &Qy s . (_1‘)
KA IPaHgN 0O« z - by e)-x‘ s
(a) v, °C [ 53 (23 2 5z
.Coctas Marepran c.-m Kit m—(ﬁ) 5 R i—é )
BIPAHRAhIMARNER| X F & 3 2z
43 < [ ¥
CdO 593 9| 200 |—84 0,61020 2,7
Cr.0; | 752 g441.2 437 0.00010 2,0
V.0s 595 19 { 0,18 | —G32 0.000.7 3.6
Co,0, R 54 113 290 0.00300 2.0
CuO 67 80 |i6 276 0.00300 2,0
NiO 730 57 12,7 1£0 0.00300 2,0
Cr:0;+10% CuD 640 | 255 | 0,84 150 0,00059 2.3
V:0;+20% CuO 570 20 115 —130 0,00130 2,0
CdO-+50% g0 (mecepeSpe- '
nuit) (i) 752 | 48470 [—150| 003000 | 2.0
CdO + 30% MgO (cepedpe-

ML) i ) 730 42 1 1970 } —154 021500 2.0
C030,-~10% " CuO-+5% BiLO, | 759 671 710 311 0,13800 2.1
CO;OV"O% CuQ+35% Bi:O,-.—

+29% Ta:05+2% MgO 731 St | 2350 231 0,41800 2,1

Key:

a. Composition of wall material

b. Temperature at specimen faces, ©C
¢. Short-circuit current, milliamperes
d. Thermoelectric coefficient, uv/deg
e. Short-circuit mode power, W

f. Specime: thi~Vress, mm

g. upper

h. lower

i. unsilvered

J. silvered

fast. A plot of the temperature change along the foll radius

1s shown in the right side of Flg. 20. The maximum temperature
t, corresponds to the center, and the minimum temperature t2—-
to the block. The temperature difference At = t1 - t2 1s
measured with a differential thermocouple made up~of a“central
copper wire, constantan foil, and copper block; from the temper-—
ature difference we estimate the intensity of the energy flux
received. Given in the study /265/ is a soluticn to the thermal
conductivity equation for the foil on the condition that the
flux received q is constant along the foil radius. As a result,
the following expressions were derived for transducer sensiti-

vity and inertia:

B e e RSP



REPRODUCRILITY OF Tipn

CRIGINAL PAG IS PO

e R .
T:aT: f:alR" (I'7)

where R and § are the dimensions of the working section of the
foll; a and al and transducer constants.

Gardon found the values of a

and al and plotted a nomogram of the

solutien to Eqs. (I.7).

The working touperature of the
calorimeters is bounded by the soft-
ening point of the solders tested.

As the temperature goes up., the
linearity of the relationship between
Incident fiux and signal is disturbed.
So the upper limit of measurement

Fig. 20 Diagram of . 1s best increased through thickening
R. Gardon transducer: of the foil, tending to make the
radiative component in heat removal
1. receiving plate from the foil small ccompared with
2. copper block the conductive and the convective
3. current-collecting components.
conductor

Relying on handbcok data, R.
Gardon also found that for the

] copper~-constantan pair the dependence
of the thermoelectric coefficients on temperature 1is practically
entirely compensated by the dependence of constantan thermal
conductivity on temperature. Thus, the transducer proves to be
insensitive to the temperature level at whlch the measurement
1s taken.

Using these transducgrs, R. Gardon measured fluves at a
power of (0.02-4)10° W/m¢. "Measurements were made of thermal

fluxes from the heated plate swept by air; the air exited from /40
- 3.2 mm diameter openings arranged in unstaggered fashion with

a 50.8 mm spacing, at 3 flow rate corresponding to a volume
flow of 0.2 kg/s per m“ of plate area; the measurements are in
Fig. 21 /266/.

Usually the dimensions of the transducers with a foil disk
are small (the diameter of the opening in the block is often
less than 1 mm). It is difficult to make them strictly iden-
tical with each other. The deviation of the actual transducer
properties from the calculated values is as high as 30 percent;
because of this each transducer needs individual calibration.

DA, Arbip Y 8 5 A
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The part of the heat lost
to the ambient space is small
compared with the part trans-
ferred along the foll because
of thermal conductivity, there-
fore when radiative fluxes are
measured there 1s no need for
vacuum treatment; this does much
to simplify carrying out the ex-
periments. Usually in radio-
metric measurements the trans-
ducer 1s surrounded with a
shield, reducing the nonuseful
absorption of energy by the

0.8m/m¢
‘s000 1

4000 4

2050

® copper block and protecting the
. foll from mechanical damage.
N\
° AN ' In short-term measurements
the experimenter 1s limited to
Fig. 21 Measurements of heat removal through inertia of
heat fluxes made with the R. the block, which 1s many orders
Gardon transducer as plate of magnitude higher than foll
1s swept by Jets thermal inertia. In the case
of long~-term measurements of
Key: 2 intense fluxes, the block is
a. W/m cooled with running water.

G. G. Blau used this kind of

cooling in determining the
thermal conductivity of zirconium oxide for temperatures higher
than 1000° C. F. Stempel /310, 3l§7 indicated the possibllity
of separating the radiative and convective components with
two transducers; one receives the incident flux directly, whille
the other is shielded with a sapphire window, which 1s protected
against overheating with a gaseous covering.

Signal strength can be boosted by Joining the radiometers
with a circular foil in electrical series. And the coocled copper
foil naturally must be divided into electrically insulated sec-
tions. Thus, A. S. Serpeyev proposed a radiometer of six series-
connected sections /202/. This radiometer was improved through
the placement of the device on one of the baffle sections; by
rotating it the output signal can be regulated and_thus in cali-
brations the device sensitivity is kept constant 42057.

An original instrument, transverse type, for measuring /41
relatively weak radiative fluxes was designed and built by B.
G. Tanmor /3237 (Fig. 22). This instrument was used for inves-
tigating radiative heat transfer between structures and the am-
bient medium. A galvanic banked thermocouple was wound on a

et v e B e et e i it e e P



N N - - . et e st —— - . . e e v e e o e Ao i s

REPRODUCEEN ,ITY;OE‘_ TI_I E
ORIGINAL PAC &

perspex plate, 85x50x3 mm in size. The plate thus shaped is
inserted into recesses in copper half-disks (Fig. 22). The
recesses in each half-disk, 85x26x6 mm in cize, are filled
ahead of time with molten paraffin, in which a perspex plate
with wound thermocouples 1s immersed. A thin paraffin layer
insulates the half-disks from each other. The current-collect-
ing conductors extend through openings on both sides of the
disks. Each half-disk is assembled on solder from two iden-
tical halves in which cavities are milled out. One end side
of each half-disk is pclished, gilded, and polished again,
and the other is blackened by one of the known methods. The
disk is assembled so that each of its planes receives half
the reflecting and half the absorbing radiation. The disk
is mounted on four strings in a large-diameter collar.

. e o ed

Fig. 22 5. G. Tanmor radio- Flg. 23 Radiometer of I. D.
meter Semikin, V. S. Kostogryzov, and
0. L. Tsygankov:

1. enclosure blind

2., recelving in form of an
absolute blackbody model

3. bank of differential
thermocouples

b, cooling sleeve

41
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~galvanic differential thermocouple, recording the transverse

The different deg:ee of half-disk blackness upon exposure
to the measured flux accounts for the temperature difference
recorded with the bank of differential thermocouples. The
signal of the thermocouples then serves as a measure of the
resultant flux.

A radiometer with the model of an absclute blackbody and
a transverse measuring part was developed by I. D. Semikin,
V. S. Kostogryzov, and 0. L. Tsygankov /201/ (Fig. 23). The
receiver in the form of a model of an absolute blackbody is
inscribed by design in the end of a brass tuie and is inserted
in the enclosure sleeve. In its lower part the tube is cooled
with aater circulating in the sleeve. In the interval between
the rcceiver and the outflow the tube 1s cut so that the heat
flux received 15 displaced initially to the left, then along
the circumference 1t passes over to the right part and 1is trans-
mitted to the cooling water.

N
=
N

|

Wound in the middle part of the intermediate body 1s the i

temperature head. The radiometer described is marked by an
absence of selectivity and a sensitivity that is quite high
for industrial measurements.

The nonlinearity of losses of this kind and the heat-
physical properties of the device elements leads to the depen-
dence of sensitivity and measurement accuracy on the tempera-
tures cf the cooling water and the ambient air.

To reduce the measurement errors, with this instrument it
is necessary to keep the cooling water temperature at the level
of the ambient air temperature and to make the heat-conducting
tube out of constantan.

A simply manufactured low-inertia thermoelectric radiant ;
energy receiver was proposed by S. Ye. Burav /37/. ;

12. Analytical Methods

As applied to phenomena of therm:1 conductivity, the differ-
ential equation, boundary and initial conditions unambliguously
describe the temperature of a given body at any point at an ar-
bitrary instant of time. Since this relationship is unambigu-
ous, knowing the temperature, for example, the flux or the tem-
perature at the boundaries). This approach to the solution is
customarily called the inverse thermal ccnductivity problem 42127.
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From the temperature values at two points we reconstruct
the temperature field of the k-dimensional body that has . .a
cavity; from this temperature field we determine the heat fluxes
that the body exchanges with the external medium, and the values
of the heat transfer coefficient. At the same time we can cal-
culate the coefficlents of thermal conductivity and thermal d&if-
fusivity of materials fillling the region in question.

For a practical judgement of how effective this method is
let ;s look at an article by R. Kh. Mullakhmetov and L. A. Khorn
/170/.

The thermal conductivity equation for an unbounded plate
has the form:
A1) _ o O x D)

dr ax” ’ ) (I.8)

The boundary conditions are determined by the fact that the
surface temperature t (x,, ) 1s measured in the experiments,
and in the plate midsection owing to the symmetry of the thermal
action

ao.n
TTO' (Iog)

The coordinate x 1s read off from the plate midsection.

At the initial instant of time, the plate temperature at
all points is the same and all temperatures t(x, 0) = O are
subsequently read off from it.

The desired flux at the externai plate boundaries 1s found
in the form of a polynomial

143

g(v)= N AL (1.10)

<

Applying the principle of superpositioning, we can repre-
sent the temperature at any point in the form of the total of
the results of partial actions of each member of the polynomial
(I.10):

(2, 1) = ¥ ATe(x, 7). (I.11)
[V}

Applying the expansion formula, R. Kh. lMullakhmetov and
Ye. A. Khorn found the calculation formulas for Ti(x, T) when

i=0,1, 2, 3. Vith the m + 1 measurements, we can set up
the same number of equations (I.11) and find the m + 1 cocef-~
ficients Ai.

/4
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With absolutely accurate measurements and m + @ , the solu-
tion turns out to be wholly rigorous.

But actually the measurements contain some errors, and the
number of measurements is restricted. To make the_solution
found most probable, the authors of the study 41707 require
that the sum of the squares of the differences between the
desired solution and the measurements be a minimum (least-
squares method). From the components of the normal equatilons
they calculated the coefficients Ai and then, by differentia-

ting the temperature with respect to the coordinate, they found
the flux equation.

By this method A. Witte and E. Harper determined fluxes
received by the walls of different sectlons of uncooled combus-
tion chambers and rocket engine nozzles /332/. Each represen-
tative area in the chambers and the nozzles had two thermo-
couples embedded in it; the thermocouple readings are recorded
continuously. The junction was deepened by 0.5 mm. The pro- /4
blem was assumed to be one-dimensional. The temperature dis-
tribution was approximated with a polynomial of fifth degree.

A method for analytical processing of measurement data and a
computation program for an IBHM 7090 computer were developed by
W. B. Powell et al /306, 307/.

—

The measurements were made on nozzles with exlt crccs-
sectional area in a ratio of 20:1 with respect to the minimum
area and with the worlking presgcure in the compustion chamber
from 0.7 to 2.0 meganewtons/m“. The thrust was brought to 25
kilonewtons. A stoichiometriec mixture of hydrazine and nitrogen
peroxide was the tuel. Tec verify the method, simultaneous mea-
surements were made of the flow using_a water-jet calcrimeter
similar to the Perry calorimeter /3047. The measurements agreed
satisfactorily. The authors do not give a numerical estimate
of possible errors.

In cases like these, many investigators used foil and thin-
film resistance thermometers secured to the surfaces of a semi-
boundedbody LT9, 172, 270/. For better sensitivity the exposures
were periodically interrupted. Sometimes it is better to use
methods of analogy /627.

- Boussinesq 45537, working out Fourier's ideas in the solu-
tion of tihe thermal conductlvity equation, showed that the gen-
eral solution can be represented in the form of the seriles

oo
f= S AU . (1.12)
=0
where U1 stands for the tunctions of the coordinate of the pocint

with temperature t.
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Since with increase in time T , the total of the serics
members, beyond the first member, dwindles rapidly and becomes
small, in many cases only the first member in the expansion
(I.12) 1s important. The repgimes in which this 1is valld were
investigated at length by G. N. Kondrat'yev /T37, 138/ and
called regular regimes.

13. Pyroeslectric Calorimeters

The state of electrical polarity caused by temperaturc
change and coinciding with optical polarity is called pyrcelec~
tricity. This phenomenon was fir:t observed in tourmaline min-
erals; for these minerals, the principzl axis of crystal sym-
metry 1s the principal pyroelectrical axis. A temperature

~change of ) deg along this zxis leads to charge of up to 102
coulombs/me appearing.

The quantum theory of pyroelectricity was elaborated by
M. Born /2527.

A distinction is made between the primary effect seen in /45 i
crystals forcibly deprived of the possibllity of expanding - i
thermally, and the secondary effect, observed in free crystals
13037. The primary effect at its basis is piezoelectric in
nature and is proportional to the absolute temperature squared.

The nature of the secondary effect is independent; it is pro-

portional to the fourth power of the temperature. Applying

‘er%electricity, a temperature change of 0.01 deg was measured
13/.

The sensitive elements, based on pyroelectricity, react to
a change in temperature under the effect of the radiation mea-
sured. The elements are usually a plate of pyrosensitive
material coated on both sides with the thinnest metal linings,
serving as current-collecting electrodes (Fig. 24). The current
generated with this device is . .
I=“.'-—b-a’;—. :;
where the coefficient of proportionality y depends on tempera-
ture and only in a relatively narrow range can it be assumed
constant.

B. lMeyts and T. Pyorls used pyroelectric calorimeters to
determine the heat effects of Polaris missiles on surrounding
objJects during flight £T71/. A sensitive element (100 mm in
diameter and 5 mm in thickness) was placed in a metal housing
on glass wool cushions protected against shock, vibration, and
heat loss. Polarized ceramic of barium titanate oxide and lead
zlrconate-titanate was the material used. For barium titanate
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oxide the working

lead zircontate-titanate—-5000 C.

electrical coefficlent with rise in temperature,
of the authors of the study /171/, is compensated by 1ncreas-
ing the heat losses at the receiving surface through back rad-

iation and convection.
+10 percent.

.
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Fig. 24

Pyroelectrical
radlometer

recelving electrode,
covered with gold black
the instrument was

varied,
values.

determined by
effect when the 1light ray-probe was
starting at 0.15 nmm,
Yihen a small-diameter rzy transited the receivers,

The instrument error does

A similar, but n«
was employed in measu

temperature rust not exceed 90° C, and for
fn inerease in the pyro-

in the view

not exceed

iniature unit
ring laser

radiation energy /20/.

Radiometric pronertics of pyro-
sensitive crystals were investigated
in detail by L. S. Kremenchugskily,

A. ¥. ltal'nev, and V.
/—QL/ The elements

a barium titanate oxi
triglycinesulfate pla
form of monocrystals

plates 100+3 pm thick
in area.
necs was deposited in

B. Samoylov
studied were
éde plate and
tes 1in the

and ceramic

and 100 mm

Silver 0.1 um in thick-

vacuo on the

current-collecti.;z electrodes; the

for a unifor: spectral characteristic,

The zonal sensitivity of
pyroelectrical
droprp- '3 its diameter

cl~/.
measuring the

7as

was

in the dirceciion cf increasing

nonuniformity was detected in the values of ti:e pyroelectrical

coefficient,

reaching 75 percent for the monocrys

tals. The

uniformitj was less for the ceranmiecs than for the monocrystals.,

“hen the ray diameter was enlarsed to 1 mm,

dropped to 3 percent.

The methods examined above z
number of rhysical phenomena. Se
measureme:ts 15 criented mainly z

effects /279, 324/.

#

H

arcning for
¢ involving

2 relatively
new methods of
previously unused

the nonuniformity

small

In a dlelectric bolometer /327 a cellulcid fllm (its pre-
parative method 1is described *n section 5 of this chapter) is
coated in vacuo with an approxlimzately 0.1 um mcld layer, on
both sides. The capacitor ‘huu cctained is esposed to an inci-

dent flux.

The instruments were nzmned as
use of a temperature dependence of

the dielectric

above ou

ing to their
constant.

~
(@)}

non-
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After exposure to the measured flux, the electrical capacltance
of the sensitive element was varied. In this scnse ferroelcc-
trics are very promlsing, as are new polymeric materials that
have a well-defined temperature dependence of the dielectric
constant.

Ferroelectric films prepared on foil surfaces of electro-
lytic capacitors are mechanically weak. In this rcceiver the
correct exposure across. the electrolyte of metal bearing the
dielectric film 1s dgifficult.

Among the known diversity of semiconductor thermistors,
classed in a special grcup are ferrite thermistors; they are
thermosensitive not only as to electrical reslstance, but also
magnetic permeatility /30/. These sensitive elements are al-
ready in service for measuring incident flux in the UHF range
/29/ and there are no reasons blocking the extension of the
range to infrared and optical frequencies.

Characteristic of dielectric and ferrite trancsducers 1s
the variation in the reactive components of the resistances;
highly effective methods have been developed for measuring
these components /1237.

Relatively numerous measurements are made in hyglenic and
‘phyciological studies /B3, 96/. In several cases, when measure-
ments are made of tissues with the probe method, from the rela-
tive change in thermal conductivity it was found possible to
estimate the relative change in blood flow; in turn this yielded
information about the physiological condition of the vital acti-
Z%E of the organ and the organism as a whole /251, 269, 275,

~
g
-

To record weak fluxes from functioning transistors, the
authors of the study /21/ used a well-defined dependence of the
rate at which exposed photoemulsion develops on the developing
temperature. Very sensitive and accurate instruments for mea-
suring radiative thermal fluxes can be evidently bullt on the
basis of the thermosensitivity of chemical reactions.

In conclusion, we can state that measuring heat flux density
is an urgent need for most sclentif.c investigations and indus-
trial processes. Information that these measurement afford is
interesting both in the primary form as well as, often, in indi-
rect secondary manifestations. Developing methods of thermal
measurerents and the steadily mounting need for these methods
in science and manufacturing allows us to single out these
methods in an autonomous field--heat-measurenent.
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A baslce task in heat-measurenment 1is designing and building
minlature ctransducers of heat flux density that have high local-
ization of measurements, low thermal resistance, hirh sensiti-
vity, and good reproducibility of measurements, madc possible
by reliable absolute calibration.
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CHAPTER 2: SELF-CONTAINED HEAT FLUX TRANSDUCERS

The low sensitivity of self-contained transducers is compen-~ /48
sated, to a large extent, by design simplicity, reliability, and ~—
stability. Combining these qualities led to the use of these
transdpcers being involved with highly forced heat transfer char-
acteristic of many flelds of technology.

The transducers described are intended mainly for measur-
ing fluxes with a density of 103-100 W/m2, The lower 1limit of .
density is due to the Sensitivity of the electrical instruments, '
and the upper--to the possibilities of correet calibration., If ;
extrapolating the calibration is allowed, the self-contained
transducers in general do not have an upper limit as to the ,
magnitude of the flux measured. !

The present chapter gives the general design and techno-
logical features of self-contained transducers, as well as an
analysis of the nature of the transducer signal when there is
?onuniform distribution of the measured flux over the transducer

ield, -

A qualitative analysis is given for the group of phenomena
whose nature is not clear enough to quantitatively allow for
their effect and vays of reducing inierference are outlined.

It is shown that noise at the electronic and molecular
levels does not affect measurements. Since knowing the distor-
tions introduced by the presence of transducers is important for
measurement practice, we present the formulas for determining
the corresponding corrections. Features of measuring nonsta-
tionary fluxes are described.

1. Designs of Self-Contained Heat Flux Transducers (S.H.F.T.)
and Problems of Their Marufacture

A self-contained transducer is a unique flattened differ-
entlal thermocouple whose intermediate electrode acts as an

U9



auxiliary wall (Fig. 25). When the transducer is positioned
on an isothermal surface of the body studied at the faces of
an intermediate layer with thickness 62 a temeprature differ-

ence 1is induced, proportional to its penetrating flux being
measured. Thils temperature difference induces the correspon-
ding thernmal emf; 1t is sent by the current-collecting wires
to the measuring instrument. The theoretical value of the
transducer signal e, corresponding to some flux q, can be
determined by the formula

— (@, —a,)8,

[:4 —ﬁ_——q' (II.l)

from which we find the transducer sensitivity

=(<zl-.a,_.)62 . o (I1.2)

/.

right-hand side of Eq. (II.2)
depend on temperature, sensi-
tivity must also be a function
of temperature.

The properties of several
thermoelectrode materials were
analyzed in selecting trans-

.ducer materials. The results
of the calculations based on
literature data /7, 11/ are
presented in Fig. 26; in it,
the working temperature of the
transducer is plotted along the
y-axls, and along the x-axis—-
the change in the working coef-
ficient relative %o 1its valuea
at 50° C. Assumed as the work-
ing coefficient here and in the
following is a quantity that is
the inverse sensitivity, that
s, the flux inducing a signal
equal to 1 V:

q
k==7;.

Fig. 25 Self-contained
heat flux transducer:

- nickel coating

. copper thermoelectrodes
. 1intermediate thermo-
electrodes
current-collecting wires
insulating bushings

V= whoH

(II.3)

As we can see from the plot, most promising are the pairs

copper-constantan /265/ and especially constantan-nichrome .
The changes in the heat-physical characteristics proved to be

Since all quantities on the

£30



such that almost total mutuzl compensation is achieved for the
effect of changes in the thermal conductivity and thermoelec-
tric properties. From handbook data (see Fig. 26), this full
compensation does not occur. The reason apparently lies in

the considerable scatter of the properties of materials in dif-
ferent samples.

In the first series, copper-constan-
tan transducers were made round. The
blanks were stamped out of sheet mater-

(21l : “7~ ial: clean constantan disks 0.6 mm
il IS T i Rt copper disks, 0.1 mm thick,
.20 ] \\>\\ with current-collecting projections
2" T~ (Fig. 27). ‘The current-collecting
~30 B plates were welded to the base plate
0 ,—f‘_'“‘~\a7 : with a capacitative welding machine.
-0 ‘\\\Qf\\N For measurement at high temperatures
4/' about 40 transducers were made with
0
: platinum current-collecting plates and
-10 Y:::\\l 3 conductors.
- D — !
? ‘\T§:}Q§:‘- One deficiency of transducers with
30 l ! the pickup of signal at the periphery
-wo o 57 YT is the large scatter in the data of

calibrations made one after the other.
The following experiment was especilally
Fig. 26 Dependence revealing. A transducer of this desigr
of transducer coeffi- was soldered to the bottom of an open
clents on temperature vessel; the vessel was filled with cold
(from handbook data): water and placed on a heated electric

- plate. Water temperature and transducer
1. constantan- signal were recorded in the experiments.
nichrome Results of multiple measurements, using
2. nickel-nichrome different transducers, are shown in Fig. /51
3. copper-constantan 28. UYhen the water boiled, the trans-
4, nichrome-constan- ducer slgnal was weakened generally down
tan to one-fifth the initial value, while the
5. alumel-chromel density of the heat flux stayed the same.
6. 4iron-constantan The reason for this significant reduction

in signal strength was that at the place

where the lower projection exited and

along the entire perimeter of the trans-
ducer was formed an oblong depression in which materials dif-
fering 1n chemical activity alternated (tinplate, solder, copper,
and constantan). Here there were favorable conditions for the
growth of vaporization centers, intensively removing heat.
Close to the lover projection and alcng the perimeter heat remo-
val into the liquid occurred from the lower current-collecting
plate, by-passing the intermediate plate. In this way the flux

51
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measured'took part ocnly slightly in generating the transducer
signal. The experimental results shovwed the need to make a
detailed theoretical analysis of the complex of thermal and

thermoclectrical effects in determining the best ways of design-
ing monolithic transducers.

&

Filg. 27 Round transducer Fig. 28 Plot of change in
with current-collecting pro- readings of transducer with
Jections peripheral current-collection

while liquid boiils

2. Signal Formation in Self-Contained Heat Flux Transducers
Vlhen The Measured Flux Ig Nonur._formly Distributed

When taking measurements, we often encounter instances
during which, even when the transducers are small, the plot of
the measured flux turns out to be nonuniform (for example, the
distribution of fluxes at a transversely swept cylinder or
sphere). '

Varping leads to the nonuniformity of distribution of the
thermal emf generated at the middle plate by its penetrating
flux; this causes short-circuited loops of electric current to
appear, with the corresponding decreases in the electrical pocten-
tials. The latter indistinguishably superimpose on the thermal
emf generated by the flux at the place where the current-collec-
ting conductors are mounted. So the problem can be reduced to
finding the perturbation induced by the imposed difference of
electrical potentials in the short-circuited loops and deter-
mining the zone and nature of the effect of local perturbation
that is limited in extent.

Solving these two problems lets us answer a number of ques-
tions, in particular the best dimensions of the transducer in
which the signal at the central part is free of the ~ffect of
perturbations inevitable at the edges.

,,



A qualitative pattern of the distribution of isotherms and
heat-flux lines was estabishazd by making measurements on electro-
thermal models using a Fil'chakov-Panshin EGDA-9/61 integrator.

Since ordinarily in working conditions the transducer is
placed on an isothermal surface, when the study was made with
models, we can Justifiably require that one of the transducer /52
faces (upper or lower) be isothermal, that is, an equipotential.
At the opposite face the condition of the second kind was re-
nlaced with a condition of the first kind by a method similar
to that proposed in the study /242/ for converting from condi-
tions of the third kind to a condition of th~ first kind. For
this to be done, on the model surface was cemented an area cut
by parallel slices and having a geometry such that when the
potential difference was imposed, the pole resistances modeled
the boundary conditions.

The results from paper models can be regarded only as a
first approximation. The point is that inhomogeneity in the
model paper leads to appreciable loeal perturbations. 3Solutions
were revised by a method adopted in the theory of potential ;
currents. It 1s based on the orthogonality property of the L
current lines and the equipotentials (Cauchy-Riemann):

2 2,

o , o o * 9% _o. 4 ;
ot ' oyt o ox* ' oyt ’ (11.4)
oF _ 4 9% o _ - 09 :
dx — = dy v Tax T Tay o

vhere ¢ and ¢y are current function and potential

Plots of temperature and heat flux fields, recorded for
the linear and parabolic laws of distribution of the incoming
flux, are presented in Figures 29 and 30. The approximating
properties of the straight line and the. parabola are used widely
in approximation analysis. As we can see from the resulting
fleld plots, the horizontal flux components make up not more
than 16 percent of the maximum value of the vertical flux com-
ponents.

Ve must consider that the horizontal component by itself
does not generate at the transducer a signal and, thus, is
not a direct source of interference in the signal. It indi-
rectly affects the change in the vertical projections of the
heat fluxes.
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At small angles,

I—cose
gu

a
=7

So the vertical projections of the heat
can be varied by no more than 1.5 pe
in the flux based on the transducer.

Because localized measurements can be made with miniature
the viriations in the measured flux using the

transducers,

rcent of the maximum change

when the e€Xxpansions of trigonometric func- - ;
tions in series can be limited to the first members, we have

(II.5)

flux generating signails ;

transducer are usually much smallep than the mean of the mea-
Sured parameter to which, ultinately the measurement error must

be related.

So in the analysis we can be 1imi
sional inhomogeneity of the measuregd flux and take into account
thermal and electroconductivity only i
for the measured flux--perpendicular
In this case the intermediate plate ¢
tinuous set of thin rods thermally an
from each other heightwise and ccnnec

current-collecting plates.

Fig. 29 Plot of filux and tem-

perature fields when the flux

varies linearly along trans=
ducer

four orders of magntidue,
are shown in Fip. 31.

in the direction perpendicular to th

The variation in flux based on t
ited, but naturally must be specified

ted to the one~-dimen- /5

n the actual direction

to the transducer plane.
an be represented as a con-

When electroconduc~—

- tivity is determined in a

thin current-collecting
plate, it is sufficient to
allow for the resistance
to the flow of electric
current only along the
plate and neglect the
transverse resistance.
latter can be explained
by the fact that 2. current-
collecting plates, thickness
differs from length by two
orders cf marnitude, and
thils leads to a correspon-
ding difference in the
longitudinal and transverse
electrical resistances of

The

The syrbols for the model described
The dimension is assumed equal to unity
e plane of the figurec.

he transducer is not lim-

as a function of the
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the coordinate x. The distribution of the incident flux is /54
somewhat decreased owing to thermal conductivity in the extreme
transducer plates. Signal formation is affected by the flux
distribution at the intermediate plate, which thereafter is

taken into account. Converting from the distribution of the

flux incident at the external surface to the distribution in ;
the intermcdiate plate can be achieved in anzlytical form by i
methods of thermal conductivity theory /12l/ or using analog :
equipment 413;7 with the graphical or r'imerical specification
of conditions,

To derive the dif-
ferential equation that

M~ ' describes the correla-
: ,nﬂmﬂﬂmﬂ Qim”mnm . : tions of the formation
g” [ T of the thermoelectric

signal in self-con-
tained heat flux trans-
ducers, let us loock at

diate layer bridged by
Joined sections of the

current-collecting plates
(see Fig. 31).

‘Fig. 30 Plot of flux and tempera-
ture field when the flux varies
‘parabolically along the transduc:r

Given the thickness 62 = 0.9 mm, we find that the intrin-

sic resistivgty of thg copper-constantan transducer is approxi-
mately 5-107° ohms*ca“., This calculated value agrees with the
results’ of direct measurements of voltage drop in transducers
when strong electric currents were (1-10 A) were passed through
them. Agreement of calculated data with measurements is evidence
of good contact between the current-collecting and intermediate
plates and the practically complete absence of contact resis-
tances. The effective total resistance of the outgoing-signal
conductors and the measuring instrument_(load) usually exceeds
10 ohms. So the resistances for a 1 c¢m® transducer differ by
more than six orders of magnitude. Because of this, the load
current cannot be allowed for in the study made of large short-
circuited thermoelectric currents.

Under Kirchhoff's first law, in each vertical section the
current in the lower plate must equal in mapnitude and be oppo-
site 1n direction to the current in the upper plate.

The current strength along the plate can occur only because
of current leakage into the intermediate plate with the density
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a - (I1.6)

i=—r.

R In each section the heat

: ?T flux received is transmitted
; .
o
!

owing to thermal conductivity
and_the Peltier effect /39, 89,

1357:
)
A, LA, -
=5—2'A{-r.'!l=-6—:Af+(al_a2)T[' (II.?) / 5
from which we have
Fig, - ) .
ig 31 Model of Self At:ﬁlq—(al—a:)T‘I- (II.8)

contained heat flux transducer

The Seebeck thermal emf induced under the effect of this tem-
perature difference is

ezfl_.';;iézlq“-(ax—wc)Til- (I1.9)

Under Kirchhoff's second law, for the loop a-b-c~h we have
o1 2 gyt o 5di 8, (I1.10)
8, F T 0 = (o —ay) 32 [dg — (@, — a,) Tdi], .
whence, by referring to Eq. (II.6), we get

dq
4% 9 (“1 - az)},‘;

@ e e —aBT| 0 , (B—a)T |’ (11.11)
38 R R ) B ) PR SR i
e, Q- 0 [

Let us introduce the dimensionless quantities

x 8, Y (@ —a )T
He=mp Ry =2 k=2 R
5 LIy (R Y 0
! - .
= e :':-q..' L—-—l' .—-—‘6’1

Io 1 q qo . b: [ ' -_— I—

e e e o AR —————

=



and let us write Eq. (II.11) in dimensionless form:

d!
D = 21, S0 — 00,
+ k“._.'” d/ 202“__‘, . (II-12)

It In is chosen as equal to the.current of the short-cir-

cuited transducer loaded with flux q the second cofactor in
the right-hand side of Eq. (II.12) 4911 be equal to unity:

Tipley —add, (I1.13)
1,0, (1 —7) '

By denoting
%o e ,'
By (b Y)

and by substituting it together with Eg. (II.3) in Eq. (II.12), /56
we get :

dx ®

The general integral of Eg. (II.14) has the following form:
Mg (I1.15)

73 J dz

l@y=qﬁ“+c¢4”—é%5§~ky47

Here the choice of the lower limit of integration is totally
unrestricted. When a = 0, the manipulations and the calculations
turn out to be the simpiest.

We find the values of the constants C1 and C2 from the fol-

lowing bcundary conditions. At the transducer ends, when ¥ = 0
and k = L, under Xirchhoff's first law ve have

1O)=1({L)=0
From the first condition we find that 02 = —Cl, and from
the second:
L L
co— ! [_,_kig_d_gj ity (T gy (II.16)
1= L e-—kl.l",’ od;



"~ By substituting the values found for the constants into
Eq. (II.15), we find the solution to Eq. (II.14) as applied to
transducer boundary conditions:

(II.17) ;

The solution retains its value when k 1s replaced with
(L - k), that is, it does not depend on the direction in which
the coordinate of the instantaneous section is read off from
the edge of the transducer.

. The values of the  transverse current density are arrived at U
by differentiating Eq. (II.17) with respect to «. The general

expression for the current density 4in the intermediate plate is !

cumbersome and therefore is presented only for the special cases
examined below.

1. Vhen the transducer thermal load is uniform (q = const;
£§==Q;loo==m i(2)=0) there are no electrical perturbations

vhatever. The signal is the same over the entire transducer
field and corresponds to the uniform measured flux.

2. The flux varies linearly within the transducer: /57
g=1-+m g%;;m. (11.18)

In this case the current in the collesting plate is

l(@::i;[ﬂ%%é}L§hkz——dm“%-1]; (I1.19)
and the current density is
1(z)=-:’ei[l—“s‘h°_:zfﬁchkz+shkz]. (11.20)

Graphical interpretations of Egs. (I1.18)-(11.20), shown
in Fig. 32, 1like all the analogous preceding interpretations,
vere constructed on the assumption that k = 1, which is close
to the actual conditions.
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Ve must note that given the linear nature of flux variation

perturbations show up only along the transducer edres,

middle part of a larg

In the

e enough transducer linear variation %n the
measured flux does not introduce perturbations.

that 1s unbounded with respect to the coordinate
tlons are absent--a signal corresponding

In a transducer
X the perturbva-
to the flux at the

point of attachment is recorded in the current-collecting con-

ductors.

3.

“because the
tions.

Let us postulate that

Then we have

The case when theé measured flux
varles according to the law of

paraboias closely approximate diverse monotonic func

within the transducer
quadratic parab~la is interesting

By substituting Eq. (II.22) in Eq. (I1.17), we get

1(#) =

70 =1+af1— (v~ )] (II.21)
%x)-=__%%(z %) (I1.22)
2 { st [‘;—u‘f (=% ) et~ e“b((-/. —+) e‘a] +
% L ] |
—Ax 3 = k’;dz, R
e" oj(g 2)e °f (1I.23)

®
e (e L)ets gz
6 \

from whence, by integration
rent in the sections of the

8
l(z)::ﬁ

e

and simplification, we find the cur- /5
collecting plates

(II.24)
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Fig. 32 Plots of transducer Fig. 33 Plots of transducer
when flux vairies linearly current when flux varies
parabolically

and the current-densjty in the intermediate plate is

kch(x--.i,‘-)
i('/.):-*-if.,i ~l——- -
BLj L

T (11.25)
‘25hk—2-

Plots of current for the case of a symmetric parabola in ac-
cordance with Egs. (II.21), (I7.24), and (I1.25) are presented
in Fig. 33.

Since the phenomenaz of therrzl and electroconductivity, as
vell as the:mocelectrical phenorena exhibit the prop=rity of super-
positioning, therefore, by combinirg the twe solutions derived,

vie can approximate various praciiczl caces with them over a con-
siderable range.

4. TFurther exposition and ziuticn of a number of practical /59
problems requires that we look at the casze of stepwise transi-
tlon from onz constant flux value <o another. With a fairly

\.l
v
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large number of these steps we can effectively approximate an
arbitrary flux distribution in the transducer. At the same time
the solution for this case allows us to estimate the nature and
the region of influence of local perturbation. With a single
Step, the condition of approximation can be described as follows:

q(x) =g, when 0<=z<z
(I1.26)

g(«) =g, when # <r<L

Let us use_the Fourier expansion that is customary for the
/ Since the region of transition diminishes
without limit, we can limit ourselves only to the first term of
this expansion and assume that the transition occurs along a
sinusoidal curve in the section fron Ky — € to Ky + €:

() = 5= 25 >

q, +7q. G2y . [%X—¥% =
= T2 22 ‘&n( ‘-2)

(II.27)

a7 G—G a (=% )

a2 ECOS( 3 T)

where € can take on arbitrarily small values. Beyond the limits
kte the flux values are constant, conditionally, and the deri-
vatives are equal to zero. Taking this into account, let us
examine the integrals appearing in Eq. (II.17):

- L _ K=t ® o+
"dq("c) My = S L g, 4 S‘ d——-q,f"') e -
o dx [
o )

an
Ky—e

L
+ S‘ dzzﬁ;/.)ckxdx.

K,Le

(IT.28)

The integrand functions are equal to zero in the right-hand
side, in the first and third members. So, for any arbitrarily
small ¢

L — — ¥+t -
T (3 . —_ t s X—% =
( D M 2T | E "5‘( ‘-—.,)d"'"_‘

ar -2 2¢ €
0 Hi—e
ki,

. (II.29)
‘=q2-——qle .

Similarly, it is easy to find that

L
_ I
I;é%(?e‘“dm(qr%“ .
7
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since .
S%é—;!e’ksd=0 vhen x<# (II.30)
0
" —
[0 p2ig = G—Goe™ when #>x (II.31)

By substituting Egs. (IT.29)-(II.31) into Eq. (II.17),
after cancellatlions we find the current in the collecting plates
for the conditions c¢° stepped transition:

@—& shi(L—zx)
I(z<n) = 7 L. YT Lshkz
_ (I1.32)
u—“ h bz
'(Z>%1)=Lf'%‘¥slxk(L—x)
and the current density in the intermediate plate
- = shk{l—u)
B <o) = — (6 —~ gy L ch;
‘ (II1.33)

- sk k}:l
12> ) =(9,— q) srr ChA(L — =),

A graphical interpretation of the foregoing 1is presented in
Fig. 34,

5. Let us examine_two_transition steps btetween three values

of the constant fluxes d35 95, and q3. e let Ko stand for the
coordinate of the second step. Let Ky > Ky For the isolated

action of the second Jump, on analogy with Egs. (II.32) and -
(II.33), we can write

93— Ga shk(L —x,)

I shkx:

Iz )=

g3—da shk . ’
Hoe> ) = 22 S b (L~ n); (II1.34)
-~ E(L—x)
‘(K<xz)=—(/]3"‘¢_.)TL—'— ch kx;

sh ke,
I(;c>x2)= (qs—q:)_-_mchk(L—z).

|
|
|

e e i 0 T e e B
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Based on the supcrposition property, when there are com-

bined actions, the two steps of the solution can be represented
as the sum of particular solutions:

k“ -
<y <%)= %m[(qz—q-l)shk(L—z,)—{—

+(q,— g st L — )l .

kv - -
l(x'<x| <22) == "—E%'k—;:_ {(42—‘71)shk(["— 7:|) -

+ (g3 — g sh (L ==l

shk (L —%)

1t <x<%) = S @ — g s,

+ e G = ) sk (L — )
Bl — %) 1 (1I.35)
ch e ——% -
i, <= < %) = —"sﬁk_L"—(‘lz"'qn)Shk”l-
— Ak G- @ — )
shk(L—») ~— — .
Tz, <#%<7)= l':s(hkLy (g, —q,)shhz, +

-+ (L;;—— 1-7-2) sh bz ]
hk(L— - - .
1o, <ny<®)= LST;I__’Q (@ — 7)sh o, <=

4 (9, — q)sh bzl

6. By induction we can derive recurrence relations for
an arbitrary section between the {m - 1)-th and m-th jumps for
a total number of jumps p:

shk (L —%)

m-1
- . . ~ - s
l(xm—l <r< '{m) - % shil }.J (’1’;:_1—'(]‘)5}1 .’\/.‘.f

* 4
sh k» ~ = -
LN (G — g sh R (L — )
RRAL A T AT (17.36)
hk(L e
(. Ln< 7)== .Lsﬁk%"l}: ((Z_:_l'-—— g)shkz, —
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p

h kx - -

- sch/eL Z (94 —g)sh k(L — ).
m

7. Local perturbation at a csection of limited extent 1s
a special form of toad of the cascs considered. The case where
local perturbation occurs at an edge of the transducer is the
most 1nteresting case for measuring practice. In the numerical
example for which the plots are constructed in Fig. 35, the
region of perturbation is confined to the va.ue Kk = (0-0.9)62,

that is, in the symbols of Egs. (II.32) and (ITI.33) Ky = 0.1

and k = 1. The scale of relative lengths in the perturbation
region, for sake of clarity, is selected as being an order of
magnitude greater than for the entire transducer field. VWhen
the arguments are small, the current density in the intermediate
plate in the perturbation reglon remains practically the same.
The current strength in the current-collecting plate increases
linearly.
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As the plot in Fig. 35 shows, the densities of transverse
current induced by interference decrezse rapidly with distance
from the perturbation location. Tracing the variations in
residual perturbations on the plot is hard, so they are presented
below: -

% 0,1 1.0 2,0 3.0 4,0 5,0 6,0
I«
'—q—(_-:;‘— 0,002 2,037 00136 00770 00018 000070 0.00023
=L
() .,
——i . % 100 10,3 146 55 1,96 0,8 0,3
max -

Given the selected transducer dimensions with the relative
distance of the central leads from the edge equal to K = § to
the current-coilecting conductors, only 0.8 percent of the
initial perturbation is reached. Apparently, a further increase
in the transducer directions in the ¥~-direction is no longer ad-
visable. Because of the foregoing, we can understand the con-
siderable reduction in the perturbing influences observed when
the mounting location of the current-collecting conductors is
shifted from the transducer edge to 1ts center.

The density of the transverse electric current at any point
on the transducer, specifically, the mounting location of the
current-collecting conductors, can be found by the above-con-
sidered metheds, for a given flux distribution pattern in the-
transducer. Under Kirchhoff's law, the transverse current will
weaken or strengthen the transducer working signal. Assuming
a flux q and transverse current i that are known for the conduc-
tor mounting location, the effective recorded transducer signal
is :

(I1.37)

where the directions shown in Fig. 31 are chosen as positive,.

3. Interference and Noise in Signals of Self-Contained Heat
Flux Transducers

The working coefficilents og sma%l self-contained heat flux
transducers are clgse EO 500:10° W/m<-V. When the fluxes are
measured in the 103-10% w/m< range, the transducer signal varies
roughly from 2 to 2.103 uV; this corresponds to 0.05-50 deg of
temperature difference at the internmediate layer. Along the
current-collecting conductors, the temperature change as a rule
turns out to be much larger. Under all known methods of reduc-—
ing interference /205/, evidently suppression of the causes of
interference in the transducers is most radical in the measuring
circuits.

/6
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According to GOST 1790-63 and 6916-54, th= error of thermo-
couples made of standard thermoelectrodes may exceed 1 percent
of the measured value. This was due rainly to the inhomogeneity
of materials both from lot to lot, as within a single conductor
segment /917.

As in the thermocouples, the interference source in self-
contained heat flux transducer is the temperature difference
along the thermoelectrodes. But the distinction here is that
in thermocouples the vorking signal and the interference origi-
nate usually for the same reason, and in transducers the signal
1s caused by the measured flux that is not due to the tempera-
ture difference along the current-collecting elecctrodes.

As a rule, the temperature difference at the transducer is
sometimes several orders of magnitude smaller than the tempera-
ture difference at the current-collecting conductors. Therefore,
for the same tolerances for measurement error, the requirements
on the homogeneity of the thermoelectrodes must be much higher
for transducers than for thermocouples.

To clarify tne question of how suitable standard thermo-
electrodes are for current-collecting conductors of self-con-
tained heat flux transducers, a check was made for homogeneity
by the customary method /92, 190/. It was found that wires of
pure metals have much better thermoelectrical homogeneity than

-alloys. Pure platinum (99,99 pcrcent) and silver {(69.9 percent),

as well as electrotechnical conductor copper (GOST 2112-62) ex-
hibit the highest homogeneity. But interfersnce in alloys, in-
cluding standard thermoelectrode alloys, is ordinarily one order
higher than in pure metals. The nickel and iron analyzed had
more than 1 percent impurities; as to homogeneity they were
between the alloys and the pure metals. It appears that we can
expect all pure metals to have high homogeneity.

Requirements on the intermediate thermoelectrode are conven-
tional, so it can be made of alloys.

All the foregoing about the requirements for homogeneity of
transducer materlals is valid also for materials in differential
thermocouples for measuring small temperature differences. It
must be noted that the system of selecting standard thermoelec-
trodes adopted in the USSR is inferior to the systems adopted
in Western European countries (Great Britain, France, and the
FRG). 1In our country pure platinum is used only in the platinum-
rhodium alloy-platinum thermocouple, but in alil the other ther-
mocouples both thermoelectrodes are alloy; none of the noble
pure metals (copper, iron, and nickel) have been adopted as
standard materials. 1In France, for example, most thermocouples



have the following as the pure thermoelectrode: copper-constan-
tan, iron-constantan, and nickel-nichrome /2867. As to counosi-
tion, the last-named composition corresponds to our chromei.

Because all alloy conductors, in particular standard thermo-
electrodes, have low homogeneity, usually wires of pure platinum
and electrotechnical copper are commonly employed for the current-
collecting conductors of transducers. Even when the transducer
temperature is about 600° C, for a series-manufactured self-
contained heat flux transducer, the interference from inhomo-
genelty in copper can %ead to an error in the measured flux of
no more than 30-40 1//me<.

Perturbations and inhomogeneity in the measured flux (see
Section 2 of this chapter) can be one of the main sources of
stationary interference in the signal.

At temperatures other than 0° X, all physical parameters
of the transducer suffer from fluctuational changes. As applied
to self-contained heat flux transducers, this may end up in
statistical variation in the transducer worling signal. In
some cases of measuring practice, this noise level determines
equipment capability. In particular, at room temperature (2&O C)
in mstals the fluctuational electron stream is as high as 10 3 /65
A/em® /2437. On the average this enormous current (existing
instruaents can measure only billionths of its value) is com-
pletely equilibrated by a current that is oppositely opposed
for each area, to an accuracy of counted eclectrons per second
(charge on the electron e = 1.6-:20~19 a-s5).

The equilibrium that is quasistationary on the average is
disturbed owing to the quantum nature of energy exchanpe between
the particles of the transducer materials. In a formal analysis,
the fluctuational nature of the signal is manifested, on the one
hand, in the inhomogeneity of the differential equations, and
on the other--in the inhomogeneity of the boundary conditions.
Even 1f there were certainty as to the correctness of the main
representations from which the differential equations are
derived and the boundary conditions are formulated, their solu-
tion would have to be limited to a number of simplifying assump-
tions /167/. Therefore let us dwell ori_y on estimating the f{re-
quency spectrum of the fluctuational signal under conditions
existing in the self-contained heat flux_transducers, similar to
what Rytov did for metal conductors /195/.

It is assumed that the period of the fluctuational oscilla-

tlon is of the_order of the mean free path length of electrons
in the metal / 5_/, and that this time on the average is equal
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to the ratio or the mean free path length s to the electron
thermal velocity v;

r= (I1.38)

The values of the quantitieg appearing in Eq. (II.38), in
the usual conitigns of thermal experiments, are of the order of
magnitude s ~ 10~ mand v = 106 m/s. So the fluctuation period
of the transducer signal duemto t?grmal fluctuation of the elec-
trons 1s or the order of vt = 10~ 5. 8o electron fluctuation
does not Lave to be caken into account since 1in ordinary tech-
nical measurements the time constant of the system can be mea-
sured in the range, of a fewseconds and only in exceptional situ-
ations reaches 10~" g,

Fluctuation in the local temperature at the signal-acquisi-
tion points in the transducer can be the next cause of signal
fluctuations. For conventiongl thermcelectrode materials Geiling
/2687, based on Maxwell's distribution law, found the minimum
value of the recorded signal: it does not exceed in magnitude
the noise effect. For a thermoelectrical receiver, 1 mm€ in
area, P = 0.5-10~-10 V. These data agree well with Fell'zhet's
measurcﬂéﬂts. For a 1 en transducer--noting that the minimum

ducer area, we ‘found that the flgx, rgduced to the noise signal,
does not exceed 9noise = 0-5°10"° /w2,

All the evaluations given are not marked by rigor of pro- /66
blem formulation andg therefore permit determining Just the order
of the desired quantity.

4, Accounting for Distortions Introduced 1in Measurements Because
Transducers Were Present

Ordinarily 1t is assumed that the presence of ga transducer
does not introduce appreciable distortions into the measured
flux values. For this purpose, all the heat-physical character-
istics (total thermal resistances, coefficients of absorption
and emission, and so on) in the flux path, when a transducer is
inserted, must remain unchanged. Often, however, these condi-
tions prove to be unfulfilled, and we have to reconcile ourselves
with the distortions introduced, by takins accounting of them
with appropriate corrections.

Below are glven the necessary relat
and the measured parameters in the mos
ment cases.

fens botween the true
characterigyie measure-

c*



Transducer placed in infinite body. When measurements taken
‘with plane electrothermal models (plane problem) were compared
with calculation results using the finite-differernces method
for axisymmetric cases (three-dimensional problem), fairly good
mutual agreement was obtalned /62/. Because of this, in tkre
following period the concentrating (or dissipating) effect of
the transducer was studied only with plane electrothermal models
made of electrically conducting paper, with a Fil'chakov-Panchi-
shin integrator, model EGDA-9/61, by the method of orthogonal
conversion of current functions into a potentlial and the conver-
sion of the potential into a current function.

When the paper. parts of the models were assembled with elec-
trically conducting cement, a large scatter of data points re-
sulted. Since in these protlems the requircd accuracy is much
higher than was adopted in the EDGA model, electrically conduc-
ting conducting cements had to be abandoned, because they inevi-
tably introduced uncontrollable local Inhomogeneities in the
test fields. To reduce the effect of local inhomogeneities in-
trinsic to paper, the models were assembled of several layers
dissimilarly oriented relative to the direction of the poles of
the initial material. But cement use remained the main reason
for inhonogeneity. '

A solution was reached by using ordinary shot coated with
a thin layer of electrical insulation. A layer of this shot,
~heaped on a model assembled without cement, did not change the
- local conditions of conductivity and only slightly impeded mea-
surement. By the effect of gravity the shot evenly compressed
individual model component elements, thereby ensuring reliable
electrical contact without disturbing the resistance fields.
All measurements showed good reproduclbility and mutual agree-
ment of results. The dependence of the correction factor /67

q
k = “M€2 on the ratio of the transducer thermal conductivity

to the body conductivity, for different relative transducer
dimensions, is shown in Fig, 36.

The correction factor k must be considered as the relative
increase in the density of current lines caused by Introducing
the transducer.

Transducer placed on surface of semibounded body. OCwing to
the symmetry of the temperature field and the flux field in the
body, the results are applicable to the case when the transducer
is on the surface of a semibounded body, assuming a boundary con-
ditlon of vhe first kind. Corresponding to identical conditions
are transducers whose thickness 1s half the value for the trans-
ducers for which Fig. 36 was plotted.
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Fig. 36 Dependence of coefficient
of flux concentration by transducer
located in body on the relative
thermal conductivity and relative
transducer dimensions

the ratio of the corresponding total the
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Transducer placed
on surface of heat-
exchanger. ihen convec-
tive heat transfer 1s
investigated, transducers
are commonly placed on
the wall surface; this
Causes local increase in
thermal resistance, lead-
ing to distortion of the
hecc¢ flux field.

For heat—exchangers
on flat and curved walls
characteristics such as
total temperature head
and thermal resistances
of elements can be
assumed 1ndependent of
the fact of transducer
Placement. Ané under
Ohm's law, the correc-
tion must be equal to
rmal resistances:

(I1.39)

Here as earlier, the correctlion is the ratio of the fluyx s gnal

measured by the transducer ang recorded

would have sceurred if there were no pert
transducer.

Using the main equation (II.39), we

values of the correctlon factors fop different characteristic
ial heat-power installa-~

cases of transducer Placement in industr
tions:

for a plane wall

to the true fiux that
urbing effect of the

can easily find the 68

I TR Y (II.40)
a, o4 ' ¢

—



for a cylindrical wall, when the transducer 1is placed on
the outside,

d !
& [ 4 1 —-— | In =2 .:
a2 . d, o4
171 -’ 1 gdg
b= 4 (I1.41)
TS R T S B !
Gd, v a 2 d, @, {d, L’%)

for a cylindrical wall, when the transducer is placed on
the inside,

k=

ad '.’}." ' agd,g
I |

171
!
——-_..__--:.;Tl —1,_.-{-

: n - e—1n
a (dl —_ '.’ot) t dl — -Qt 2hyy dl a.d

(II.42)

22

for a spherical wall, when the transducer is placed on
the outside,

| | B 1 i §
. R e R
S T O I N T S (II.43)
ald;‘ - % (d‘ d: ) ' i.t'dz [T -L-L'étl ‘1,_.(4:-5-1’(1; )

for 2 spheriéal wall, when the transducer is placed on
the inside, -

ad .. o a,ds
k—'— [} Ve 1 2 l
) I V. . S (a'—"zl‘)* - (IT.44)
E : 22, .\ H
a, d, — ?%n ).t d d; — .’ét\ v 1 2 a,d;

For the conditions of flow of the radiative components of
the measured fluxes to be equivalent, it 1s necessary that the
transducer:- have a desree of blackness equal to that for the
wall in the transducer placement location. The difference in
the surface properties of the transducers allows us to distin-
gulsh convective from radiative components in complex heat
transfer (see Secticn 3, Chapter 7).
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5.. lleasuring Nonstati

The task of measu
to finding the relatio
rated signal. Naturel
penetrating i+, so the
the measured rlux musc
absorption or emissicn
as the receiving surf:
the heat flux circuit
this chapter). But ev
totally identical, the
from the signal that,
tion, corresponds to vu

In the linear ver

= const and ai = const
the surface x'= 62 arc

The coordinate x is re
the plates toward the
Fig. 38).

This effect can b
conductivity equation:

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS PCOR

onary Fluxes /69
ring heat fluxes with transducers amounts
n between the measured flux and the gene-
ly, the transducer reacts to the flux
effect of the transducer's presence on

be reduced to a minimum. The extent of
of the measuring element must be the same
ce, and the total thermal resistance in
must remain unchanged (see Sectlon 4 of
en i the boundary conditions are kKept
transducer signal can markedly differ
glven stationary conditions of calibra-
niform measured flux.

sion, the heat-physical properties (Ai =

) and the heat-transfer coeffictent at
assumed to be independunt of temperature.,

ad off from the plane of contacs: between
Slde designated by the subscript 2 (see

e described by a one~dinensional thermal

alx, 1 Aty . ¢
{x, 1} =a .1 (l=l,2)

where the coefficlent
function of the region
tion is usecd (al or a,

As per the Torege
as; :

d(=81)
o T

t(0--0, 1)

For convenierice 2
tions, let us use the
Ea. (II.45) and condit

7 e (II.45)

of thermal diffusivity is selezied as g
for which the thermal conductlvity equa-
).

ing, the boundary conditions can be written

1 L0, v . a, _
—q(7) g = . {6y 1) — 1o (7))
4 . AO=—0n  F odo-0n (II.46)
=100, 7 ux = ux

1

nd conciseness of the subsequent manlpula-
Laplace transform. 1In the imares from
lons (II.46), we get

s8]
T e Ces) =0 g=§-a:Lm (I1.47)
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AT —0,5 M8 4T 20,9

dT (-1, s ’
s! _._._TlLQ(S); _40——_=7—-T (II1.48)

de, _ 1 192
T 8, ' ‘
TO—0,5 =T(@0=0,s); %ﬁ:--%[r(l.s)—n(sn ;
2 3 /70 :
where 71Q,9==St(m.ﬂ€“%r=LU&mrn 1s the image of temperature
(/]
t(0, 1 Q(s) = LIg(n)), To(s)=L [£, ()] are the images of flux q(7)
and temperature to(r).
Equations and boundary conditions are reduced to dimension-
less coordinates; in each region (1 and 2) the coordinates are
related to the corresponding plate thickness.
The solutions to Egs. (II.47) have the following forms: !
|
T(Q]' S) = Al Sh f’x‘-’x + B; Ch f)lQ, : i
T (0, 5) = A,sh B0, + B, chpe, (II.49)

2
0y 2 58}
a ' 27 g -

2

where f2—

Starting from the assumption made about the linearity of
the conditions, the solutions (II.49) can bhe expressed in terms
of the transfer functions:

T(0. 8)=Y (¢, 5)Q(s) +Y,(0,, ) T,(s)
T (Q; S) = yg (Qg- 5) Q (S) -+ Y, (02 S) 7‘0 (S)

(II.50)

where Y and Y_ are transfer functions linking the temperature

- images fn the Ecdy with the images of heat fluxes Q(s) and,

thus, the temperature images cf the medium TO(S).

Yhen investirating the nonstationary conditions, it is best
to apply the Ii. A. Yaryshev method; fundamentally, 1t permits
solving the problem when there is arbitrary variation in_tine of
both the incoming fluxes and the boundary temperatures /2457,
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Among the diverse conditicons of measurerent, the follow-
ing cases are technicalliy meaningful: ‘

the measured (positive or negztive) flux is received by &
tgansducer placed on the surface of a semivounded body (Figz. 37,
a

part of the heat-exchanger wzll is repiaced with a trans-
ducer (Fig. 37, b)

the transduc~r located on & z2ction of the heat-ecxchanger
surface receives the recorded flux, passing further through the

wall and removed at the rate o tcward a redium at a temperature
to(t) (Fig. 37, ¢)

the measured flux initlally pernetrates the bearing wall,
and then passes through the transduc
(Fig. 37, d).

>
Ay
-

icer to the surrounding medium

In our case the measuvred flux q(1) and temperature t.(t) /71
of the receiving medium are arbitrarily specified functioris of :
time. !

All the variants enumerated czn be reduced to particular
soluticns of the thermal conductivity prcblem for a two-layer
wall. Yhen evaluating the effects of nonstatiecnary character,
considering the results gilven in Section 2 of this chapter, wve
can neglect the distortions at the peripheral regions of the
transducers and we consider them 2z2s infinite plates, Jjust like
the bearing wall (Fig. 38).
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Substituting Eqs. (II.49) and (II.50) in (IT1.48), we get:

8
Y (o, s)= Tz{\— [Py (chB, ch B,e, — xshB,sh Bie) + |

+ &, (ch B, ch B0, — = ch B, <h B0

3, (II.51)
Y, (0ns) = Ta Pachf(1—e) 4 3,shB, (1 — o))

%38,

Y (e 9 =—Lchp (1 + o);

.B -
V(e s) = ELL [ shpo, 4 nehp chpg) |
. !
where A4=B [B,(hp, ch By +vsh,ch B,) -+ Ey(sh B shf, - =ch B, ch B,

(i Ao, o as, r
— =1 = == RS, T. =
By v AyerYy 2 B

From the solutions (II.51), we can determine--in particu-

lar--the values of the transfer functions for the above-consi-
dered cases.

Corrcsponding to Fig. 37, 3 is an unbounded increase in
the thickness of the supporting transducer of a plate (62 + @),

And the values -n and C2 increase without bound at the same

time. After simple transformations and cancellations from the

system of equations (II.51) for the transducer placed on the
semibounded body (II.51), we find

~
n

8, «ch ﬁ‘pl — nsh ﬁlp,

Yq(o,‘S)=m'T_ﬁn—;ﬂ_ (I1.52)
}rl (QI' s) =0

Correspending to Fig. 37, b is - limited fall-off in the
thickness of the supporting wall to zero (62 + 0). And n znd

T, also falls eoff to zero.

2

As a result, from thec system of equations (II.51) we et
the following transfer functions for the heat-exchanrer surface
fulfilling the functions of a transducer, ccnsidering that
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¥ ( ) 8, pSChﬁlpt—;ISht"lpl . — -
"0 8) = X B B SR P, 5, Ch By '

‘ 1 PR S (II.53) .

: \

g, chB, (1 <-py) / -

Y (@ ) = Fsmp =5, hp,

Finally, the second of each pair of Egqs. (II.51) are appli- _“
cable to the cace of Fig. 37, d. _ -

The particular cases of Eqs. (II.52) and (II.53) coincide
with N. A. Yaryshev's solutions /2457, obtained ir individual o
derivations for a one-layer wall and a plate laid against a
semibounded body. This derivation method in the general case

with conversions to particular cases is more universai. -7

The solutions described allow us to evaluate the factors
affecting the measurements and to classify them by degree of :
importance. :

A transducer as such is a three-layer wall, which in con- .
Junction with the suppcrting element must form a four~-component X
system. In the one-dimensional representation, the thermal con-
ductivity equation is retained in the form (I1.45) and the boun-
dary conditions are similar to (II.46). The method of construc—
ting the solution is transparently clear, but so cumbersome that
the conceptual extension of the results does not Justify the
means with which the results can be obtained. The effect of the
presence of current-collecting plates can be estimated approxi- f
mately with simpler relations derived in the preceding section.

Let us look at the case when the transducer is placed cn a
semibounded body that has heat-physical characteristics of the
intermediate plate of the transducer. The effect of the cur- /73
rent-collecting plates can be neglected, to the first approxi-
mation. Thermal conductivity in the transducer can be described
by Eq. (II.52).

To evaluate the effect of the nonstationary character of '

the regime, all we need to do is compare the flux entering the

plate with the flux leaving 1t on the cpposite face. Require-

ments on the value of the ratio of these fluxes in accordance

with the uniqueness theorem can be formulated both in the cri-

gilnals and in the images. The latter is much more convenient,

although 1t contains a certain incompleteness for the final

numerical estimate.



The derivative with respect to the coordinate of the trans-
fer function from the flux to the temperature 1s a measure of
imaging the local heat flux. So from Eq. (II.52) we can derive
the ratio of the flux images

QM. A [dV, (. 9] _ 1
Q(—l.s)“"tf[ de, ST T (II.54)
&0 chB, - shp,

In measurements, it is often necessary to know the measure
of correspondence of the output signal of the Sensitive part or
the system as a whole to the steady-state value of the signal;
but it does not mean, however, restricting oneself to the case
of measuring the constant flux. The value of the right-hand
side of Eq. (II.54) must be close to unity, to which small values
of Bl correspond. And in the expansions of the hyperbolic func-

tions, we can limit ourselves to the first members: |

Q0.9 1 ‘
Teng ST - (I1-55)
1+ 36

So, the measure of the identical heat-measurement nonsta-
tionary character of a plate placad on a semibounded body in the
images 1is determined by the ratio Bl/K - In converting to the

originals, since in the Laplace transform the product st must be
kept dimensionless, the following expression can serve as a cri~
terion or estimating nonstationary character, to the first appro-
Ximation: :

-a'—f-'/.:=?‘/,2 (II~56)
o

For the above-described copper~-constantan transducers, when

the criterion ?kz have identical values, the intrinsic times char-
acterizing the inertia of the outermost and intermediate plates
differ by two orders. 50 we can neglect the effect of the current-
collecting plates belng vresent and take into account only the
intermediate plate.

The transfer functions of the heat flux and temperature of /74
the medium to the transducer sirnal in alil the cases considered
--assuming constancy of the theirmoelectrical coefficients andgd
the thermal conductivity coefficients—-are equal to the
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difference of the corresponding transfer functions of tempera-

ture at the coordinates of the receiving and emitting trans-
ducer faces:

Zq(s)=(a|—q_,)[}’q(—l.s)—Yq(O.s)] (I1.57)
Z,() = (@, — ) [Y,(~ 1,9 —V,(0,9)]

where Zq(s) is the transfer function from flux to transducer
slgnal, and Zt(s) is the transfer function from temperature of
the medium to the transducer signal.

For a transducer placed on a semibounded body, from Egs.
(I1.52) and (II.57) we find: :

! chfi, —1+4xshp .
kB Jpl+xcnm, (I1.58) .

Zy(s) =

where ke =(E:%Eiﬁ '1s the transducer coefficient, numerically i

T M o 2.
equal to the stationary flux causing a unit transducer -emf.

. The inverse transforms for finding the criginals--the trans- ;
ducer emf values--can be presented for specific cases of assign- ;
ing the functions q(1) describing the changes in the measured
fluxes with time. In particular, for a suddenly begun exposure ;
to a constant flux, we have :

q(7) = g, = const (71.59)

Q=2
Referring to Eqs. (II.58) and (IT1.59), the chance in “he
transducer emf can be defined as:
At = L™ [Z,(5) G (5)] {11.60)
where I_,-1 is the inverse Laplace transform,

For a plate on a semibounded body, these transfor. s .-.
easily obtained for the following particular cases.



1. The transducer heat-physical properties coincide with

those for a semibounded body (g = 1):
%) 2 =T ! !
Auyr) = 2 ——=?2ll—-: — =]+
W =5\ 7a : C‘P( «)] - erfe 2;.;-} (II.61)

2, The supporting surface
1.8 7 1

Au(r).—::——l ;,;\'————-(,n 1),c.\:p(— -

=y

is an 1deal surface (#*0):
n3(2n—1)? ;)
(I1.62)

3. The supporting surface 1is an insulator

=5 T

—x2(2 —““""Cl\
Au('c)v-"—-{ S‘(Zn i X Pl @=Lt

i t
f - |
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—

0%

4 2 4 f[”ﬁa)
Fig. 39 Plot of variation
in signals of transducers

placed on semibounded body:

1. according to Eq. (II.62)
2. according to Eg. (II.63)
3. according to Eq. (IT.64)

Key: a. seconds

Graphically, the values

0= AuUP—.corresponding to

Egs. (II. 61) - (I1.63) for a
series-manufactured transducer
are presented in Fig. 39.

As the thickness of the
supporting wall decreases to
zero (see Fig. 37, b), the trans-
fer functions of the measured
filux a2nd the temperature of the
medium to the transducer signal
are defined by Egs. (II.53) and
(I1.57):

1 ﬁ, (ch'ﬁl -+ & sh Bl

Zo(9) = 5B, P, 3n P, + 5, BBy
. (I1.64)
C
ZI(S) - »’h‘j ._g‘ Chpx

In the double wall variants (see Fig. 37, ¢ and d) for the
¢ransfer functions (II.57), by referring to Eq. (II1.51) we get

T

(11.63)
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Z, (=57 e [(Glch52+§25‘15)(mﬁ,—1) % (B,s _hﬁg-%-
+ LychP)shf);
Z, ()= WEAHX@hﬁ ")+ Lshpl . } (II.65)
2,0 == ZRE T g
z, (0= — T2 g np, +nchB, (chf,— DL
In the case of arbltrarily specified yg(t) and ¢t (T), their /76
images Q(s) and T,(s) are known, and the emf will b° determined
from the obvious symbolic equation: .
' (11.66)

Cu(@)=L""Z,(5) Q) + Z,(5) T, (o)}

Exact values cannot always be found for the inverse trans-—
form (II.66), as--in contrast--has been done f'or the three cases
of transducer placement on a semibounded body. But If the exact
transform is not known,_we_can use any of the methods of getting
the asymptotic values / 2 / These operations require a certain
caution, since not any asymptotic and even convergent expansions
necessarily lead to valid results. Although from the Lerkh
theorem it also follows that approximate originals correspond
to the approximate images, a measure for this correspondence
has not been established. Therefore each solution is best re-
duced to particular cases that have exact solutions or that

have a representative confirmation of solution correspondence
for each group.

For rational algebraic functions 1t is convenient to use
the Vashchenko~Zakharchenko (Heaviside) expansion theorem, and
fer perlodic functions, apparently, the allied Fourier or Hil-
bert transforms are more suitable. .

So in any formulation a complete solution to the problem
does not encounter fundamental difficulties. Cumberscmeness in
computations now may no longer be much of an obstacle, thanks
to successes in designing and developing high-speed digital
computers. Let us turn to analyzing the particular cases.
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To the first appr
first powers of the na
fer function numerator
Then the trarsfer functions can be
ing rational fractions:

rameter s in

stn,
51—.” '

Z,8)=k

functions can be

described by
coefficients in t

Eqs.

Analogously, for the two-layer
assume that in the expansion in tae
and denominator it is acceptable to
power of parameter s,. that is,

he arproximate exp

cximation, let us limit ourselves to the

the expansions of the transe

and dencminator (II.64) and (1I1.65).

represented as the follow-

Zi(s) =K (II.67)

S -1

As applied to the one-layer wall-transducer, the transfer

(I1.64); t1e values of the

ansions (II.64) w21l be:

(I1.68)

wall in Egqs. (II.65) we can /77
transfer function numerator
limit ourselves to the first

~y Stm - o~ S,
Za )=k ST ZeO)=k S
(I1.69)
P $+‘v . — 5"*'N3
Lll(s)zKl:_-'rﬁ' 212(5)_K2W
al z';'lx. _._n o S - _:_u_:JJ.
whence Mx=6—-;"7r- kx*'w[l ST [V AR Il
a, ?;,_,'/. .
Ill=—2-. ) T
i l~:~cz+xn<27-c2)73_d .
v, L BT
kf‘zﬂptk+3)"5*~ﬁ: 3eg,
%L, (2, —a,) . )
Ki=——tmp—s M=o (11.70)
M) (e, —a,)
1\;==_§_ﬂ( ‘!L 1 . N...=0,
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where P=n(1+-/.n)-:-;=[n+.~§x<1+n=>]

1 the temperature of the cooling medium is constant and
is equal to the temperature of the measuring system with which
sudden exposure to constant heat flux is begun, q(T) = Qg s

tO(T), and their images are
g
Q@) =i Te(=0 (II.71)

Referring to the system of equations (II.70) and substi-
tuting (II.67) -.(II.69) and (II.71) in (II.66), we find the
trends of the transducer signals with time for the cases shown
in Fig. 37, b:

1), — ! - ! - ) :
Bty = o [ (1 — &) e (I1.72) X
- Au(® : ' :
T~ 10 — kg o (11.73) |
in Fig- 37, c: ng
Bu(5) | = [ (1 = €716) o+ e84 (II.74) '
Au(my | v _ 1. —M,
Tueer| = | RRIeT (II.75)
in Fig. 373 d:
i (11.76)
Bu(0)!g= 9y 3 (1 = &) =+ kgt
|1
Au“)l"'b—(L—kk\e*Mﬁ (1%.71)
Aueor |g 7t .

Eqs. (IT.61) - (II.63), (II.72) - (II.77) establish the
relation between between the measured and the true heat fluxes
in the transient regime in different cases of practical interest.
However, we must remember that in deriving Egs. (II.72) - (II.77)
small values of s were assumed, to which there correspond the
time values that are larre enough for the process to be viewed
as a regular second-order repime.
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From the derived equations we can determine the inertia for
different transducer operating conditions: the time constant 1s
equal to a quantity that is the inverse of I or Ml. Referring

to the corresponding equations in the systems (II.68) and (II.70),
it 1s easy to find the dependence of the transducer inertia on
parameters like the intrinsic transducer time Gi/al and the

intrinsic bearing wall time Gg/az, their ratio n , the Blot
criteria ;l and ;2, and the ratios of the heat-receiving capa-
bilities «.

. The values of the dimensionless time constants for the cases
shown in Fig. 37, b are

o irh ‘ (I1.78)

in Fig. 37, ¢ ’
S a, n(l---xn)+§,[n+—-;x(l+n’)]

Al [

(II1.79)

in Fig. 37, d

a. ml+zm+§:[n+—2‘-=<(l+n’)l (II.80).

Mol [

In particular, for a series-manufaciured self-contained
copper-constantan transducer (al = 7-107° m“/s, 61 = 10~3 m),

when £, =T, = 0.05 (a = 1000 W/m2.deg) for the case in Fig. 37,/79
c, the time“constant 1s 3 s. When the transducer 1is placed on

the wall surface with the same characteristics as the transducer

(n =1, x = 1), the time constant is increased to 6 s.

6. Technology of Fabricating Series-Manufactured Self-Contained
Heet Flux Transducers ,

-~ the fabrication technology of series-built self-con- .

te » transducers was uncer development, unitary
inu - transducers were the goal. A nearly identical
effe. .. ue achieved in welded and galvanic versions. Pre-

feren.., obviously, must be j;iven to the latter.
The process -of making welded transducers includes the fol-

lowinpg, main operations: blanking and machining the current-
collecting copper electrode-plates; making and machining the
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intermediate constantan electrodes; making current-collecting
conductors and welding them to the plates; welding one current-
collecting plate to the intermediate electrode; fiillng the
channel for the lead-out of the ccnductors with heat-resistant
insulating compound and welding the second plate; external mach-
ining to remove welding defects and burrs, and decorative polish-
ing; and nickel-plating.

Blanking the copper and constantan plates consisting 1in
annealing the corresponding sheet material. rolling it to the
required dimension, and stamping it. Then an 0.8 mm diameter
opening was drilled in the constantan plates, in their center,
and a channel was cut out for leading out the current-collect-

“ing conductors. The resulting products were cleaned free of

burrs, straightened, annealed, etched in hydrochloric and nitric
acids, and washed and dried. Constantan plates were ground on

a grinder that -gave a surface finlsh not worse than class ten.
On one side the constantan plates were cemented to a polished
fused quartz disk. The disk was mounted 1n a special holder
that ensured parallellty of the surfaces of the quartz and work-
ing cast-iron disks during complex relative motion. The cast-
iron disk was bathed with water containing abrasive additives.
After one side had been machined, the plates were turned over
and the other side was machined. About 50 plates were machined
at the same time. The machining precision for the entire set
was not lower than 10 um.

Standard copper conductors in an enamel insulation 0.20 mm
in diameter were used in making the current-collecting conduc-
tors. The conductors were 1.5-2 m long.

Conductor ends were carefully stripped of insulation to a
length of 3 mm and bent into a loop 0.6 mm in diameter. The
prepared copper and constantan plates and the conductor ends

were etched in weak sulfuric acid, washed with water, ethanol /80

or carbon tetrachloride, and sent for welding. Welding a copper
conductor with a copper plate was most tricky. Satisfactory re-
sults were realized with silver, tungsten, and molybdenum elec-
trode-clamps. Carefulness in cleaning the contacts and preparing
products to be welded is very important. Even so, the rejection
rate in welding copper to copper iy as high as 80 percent.

The copper plate with the soldered conductor is placed on
the constantan plate in such a way that the conductor loop falls
into the central drilled opening, 2nd the conductor--in the
channel. Welding begins at the center, cextends around the edge
of the cut with successive transitions with a spacing of about
1 mm, and gradually approaches the periphery of the blank. In
conclusion, welding is done twice alonsg the edge.




After the first copper plate has been welded on, the cut_
in the constantan plate 1s filled with silicate concrete /215/.
The filler insulates the outgoing conductor from the plates
and immobilizes it, protecting the welding location against
bending. This latter feature is irportant owing to the unreli-
ability of welding copper to copper. VWelding the second plate
is similar to welding the first. lext, the remaining part of
the channel is filled with silicate concrete, Shallow pockmarks
remain from welding at the external vorking surfaces in the
welded transducer. To eliminate the welding defects and to
ensure dimensional identity, the &transducer working surfaces
are ground, and Lhe side surfaces are cleaned. The polished
transducers are nickel-plated for protection against corrosion.
The thickness of the ready-to-use transducers varies in the
range 0.85-0.95 mm.

During successive callibrations, the welded transducers
showed significant (to +30 percent) scatter and variation in
the calibration characteristics with time. The greatest defi-
clency was due to the inhomogencity of the welding of copper
plates to the constantan plate. The result was that additional
thermal resistance was induced in the transition between the
metals that was dissimilar in different transducers and varying
in magnitude with time. This deficiency can be eiminated
by the galvanic deposition of the current-collect..ng plates.
The variation in the technology demanded some change in design:
the conductors were led out through the drilled openings in
the body of the intermediate thermoelectrode (Fig. 40).

Fabricatlon of the galvanic self-contained heat flux
transducers can be subdivided into the following operations:
preparing the plates for the intermsdiate thermoelectrode;
drilling the openings in the body of the constantan plate from
the edge to the middle; drilling the transverse openings; sink-
ing the rims of the transverse openings; embedding. of the col-
lecting conductors; final grinding of the intermediate thermo-
electrode; galvanic deposition of the current-collecting plates;
. machining of the excesses of galvanic deposition; grinding and
pelishing of the external transducer'surfaces; and galvanic de-
position of a protective coating.

Prep¢ ration of the constantan plates for galvanic trans- 81
ducers does not differ in general outlire from the prepara- -
tion described for welded transducers. Constantan plate thick-
ness in the finished product is usually 0.95 mm, with a toler-
ance of +14 um.

The openihgs vwere drilled in a special conductor that en-
3ures a pairwise encounter of the ocpenings in the plate body.
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In series-manufactured transducers with interrediate plate thick-
ness 6, = 0,95 mm, the dlameter of the .longitudinal openlngs is
0.65 mﬁ. When the transducer size is 20x10 mma, the depth of
the longitudinal openings is 5.5 mm. The diameter of the trans-
verse drilled openings is chosen as somewhat smaller--0.55 mm.
Thils 1s so because when the drilling axes do nct coincide (and
this 1is unavoidable), upon entering the head-cn opening the
drlll hooks on to the edge aad fractures. When the drill dla-
meter 1s chosen as smaller, tie probability of fracture is re-
duced. Nonetheless, in short transverse openings the drills
fracture more often than in long longitudinal cpenings.

)
The transverse
openings are counter-
. sunk using a tool at
an angle of 120° to a
depth of 0.1 mm.

The current-col-
lecting conductors are
made of grade PEL coppe
vilre 0.2-0.25 mm in dia
meter and 1.5-2 m in -
length. One end of the
vwire is stripped, the
second 1s threaded at
first through a quartz
bus