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~a book are examin Ed t t e  Lasic exçeri .ental methods of the study

ct heat— and electrica l coidu ctiv ity of solid bodies in

higk—tesps cat~zre range and the strectuta1/desig~ fôr mu lation of the

corresponding experimental inatallatio~s.,. In this case, sp ecial

attent ion is given to t t e  •et hcds Cf cr eat ic~ a r d measure ment of

high—te.~era ture fields in the speci .en ,saa&les Cf the materials

being investigated and to sources Cf systematic and random errors

during measure ments.

Are givez~ and are discusse d t~e results of the Experimental

investigation of heat— and electrical ccn dm cti i ity of re fractory

•etais in hig h—te m pera t re range.

The book is inte nded to scientific workers a~d research

engineers, vorkin~ in the field of study of b eat— and electrophysica l

EE~op.rties of substance. It can be recca.e~ ded also to graduat e

st udents and the studen ts of the cid ccu r seE of the r uo ph ysical and

best .ngineering special ties .

L .~~~~~ . —~-~- .-, ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ .~~~~
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P*9. 1.

Preface.

The grown in recent years interest La the hi gb— te.petature

measurements of the proFerties of subst an~cez is not acci dental . The

perfect ioa,’iaproveaent cf gngineeii~ g sciu ticas in power engineering ,

aaiatjcn ,, m issile construction is ui~thinkakle w ithout the wide and

reliable information about the Erolerties Cf structural ma terials in

all temEerature ra nge of their use .

~n particular , during calculations and tke cons truction of the



DOC w 7813310 1 P A G E  3
• 1

systems of coqv.rsioia and energy transfer the sEecia l importance has

ka.vledge of thermal conductivity and res~.stivity .
S

Limited possibilities ct tke t beoxet~ cal method s of the

qnantjta ti ve estimation of these parameters force to widely develop

experjment al inves tigat ions and determine tke urgenc y of

generalization and analysis of experimen t~ accumulate d. $

jn the present work we examine methods and the technique of

measurements of heat— ard electrical ccnductiuty in essence in

cc;nection with high— temFeratur e r ange.

The appearance of the bock of L. P., PiliFpcva , dedica ted to the

measurements of th,e thermal properties of •Etals (3—32), allowed us

to concentrate their attentiop in those systematic methods which not

e;terCd into this monog r aph or they  were c~ 1y touched upon in it. We

tried not to be limited only to the theoretical side of one or the

other systematic develo~ ment s, but , where this ~as essential.

examined the specLal. feature/peculiarities cf their techni cal

realization.

Page 1.

Taking into accoun t its own experience , acquire d in th is range , we
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attempted to qote advantages and disadva nit a~ es is the describe d

wor ks ,l to determ in e the • a x i m u a  level ci ppe rat ing tem pe t~tures and

th. degree of reliability of the results of measurements. I

I

Une of tke indices of the level of met r c logy is the convergenc e

of experimental data for one and th e same pLEe/clean substa nces,
cbtaiued duri~g dif ferent  experi.e nt al installations. In connection

with this in to the book , is int ro duce d the chapter , wh ich contains

survey/coverage of the results of investigatic is of the properties of

a number of refrac tory .etals . This small reference

application/appen dix can be usefully as researchers , so to designers.

The conten t of this book rests in essence cn the ex perimental I
investigations, made by t 1€ authors. Settj~ g an d the con secuti ve

develqEment of these works — to a consideratle extent the result of

attention and support tc the corresponding mea ters of the AS USSR A . -1
Te.~ Ske yndlin .

I

I

I

I



- . .--- -..~~~~~~~-~- ---, - .-, ----- ,.-..-. 
-~ .— ~~~~~~~~---~~...- ----

~~
--- -----

~ --- -

DOC ~ 78133101 PAG E 5

Page S.

Chapter One.

BASES CF THE METHODS OF THE EIIERIPENTI I C~1!~ N3NATION OF THE

CCEPPICIENT 01 THERMAL CCNDUCT1VIT ! AND OP BESISTIVITY.

1—1. •eneral equation of tbermal ccnduCtiwity.

The law of conservaticn of energy and Sio — Fourier ’s hypothesis

make it possible to construct quantitative theory for describing the

Froceases of space—time charges in the tem~ era t~ re fie lds an d

ccqnedted with this energy effects. This theory operates with the

ccmcept s of heat f l u x  and te mperatu re  gradient .

Neat fluz  is defined as quanti ty of heat dc , transferred per
un it time through the s u r f a c e  dF ic gue st ic u .  TL~e reference of this

flow to the unit of the selEcted sLrface t a k i n g  into account the

dependence of its value fro i the attitude Cl area/site sakes it

po ssi b le t o introd uce the  concept of thi vector of heat—flux density
9
9, B/I2 : :1.

~ .I)

LII
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~f with the aid of co;trol surfac. of F tc isolate in bod y the
ar bitrary volume V, the qua ntity of heat dQ,, e*tsz~ing it th rough

this surface for a small  ti le inte r val di , it wil l  be possible to

find jn the form

(1.2)

wher e g the projecticn of the vector of heat flux on the externa l

stand ir d t to surface of F at the çcint is question.

I
Page 6.

ci
According to the G auss  di wer gence th eore m — Gauss

~ q1’dP =Sdiv4dV. (1-3)

~n accordance with the first law of tbermod~nasics, the

introduced into system heat  is spen t on an increase’ in inte~ flal
enscgy dU and completion by the system of aecha;icil work..

After placing V-= const, we will exclude t~ e possibility of
comp]ötion by the system of mechanic al work and will arrive at

fsUo.inq expression for  changing the internal energy:



._-
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dU
~

a
~

c .f l d V, (14)

I
where the specific. heat at co~ s tan t  volum e of u r i t  vo lume

C V ( ÔUMT) V

- t
IThus, from equations (1—2)—(1—~ ) it f c l l o ws :

dl~ (cv
_
~~+du1q)dV ’.hb0. (1.5)

taking into account the atbitx:ariqess cf vclume, it is possible

tc wri te:

c~4~=_ ~div q. (1
:
6)

if in bod y act sources of heat (absorption of electromagnetic

ra d iation. Joule heat , tadioactive decay, Etc . )  • then in to equa tion
I

(1—6) must be introduce d t~ e terms, wh i ch  gi ve ~clumet ric

productivity of these scurces qv. i/c’. Equation of the balance of

heat is record/written in this case in the for m

c~-~ --I~-div~~—q, i.ui0. ‘(I-?)

One should ag~ain ncte th4t in the wr j t ten  for m of equation ( 1—6 )

and (1—7) are valid under the condition of volume constancy (strains

are equal to zero or constant).

________ _
— -~ —--- —‘~~~~~~~~~

-- - - .~
- 
~~~~~~~~~~~~~~~~ 
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If thjs condition is not satisfied , into equaticn must be introduced

the term, which cop siders the thersal effect of strain. In accordance

w~ th [1—1) he can be represented it the fott

~~~~~~~~~~~~~~~~~ (14)

where C, heat capaci ty at ccnstant pressure;  a — coe ff ic ient of the

thermi l exp ansion of b o d y ;  — vector of t h e  s t ra i n  (its divergence

determines volume c h a n g e  d u r i n g  s t ra i n )  1.

FCOTNOTE ‘ Equation (1—7) with additicn (1 — 8)  in principl e muse be

su[[le.ented by the equatioi~ of equilitrisi , which connects strain

wi th tem perature  d istr i hu t icn in the bcdy:

~~ ~~~
—
~~1;~~ 

—.vr.

is vh~jch a 
— Poisson ratio. This •akes the system of equat ions of

ccmple te an d ma kes it pcssihle to find the uQkncwn fun ct ion T(x , y,

z, v)~~ ENDFOOTNOTE.

ef solid bodies the ccntribution of this term is very small

(C~~—CV ~ a;d with s u f f i c ien t accuracy  j t  is ~ossible to use/
equaticn of type (1—7).

- 
~- _ _ _ _ _
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Iç~uat ion ( 1—7 ) must  be supplemented  by  the equation of relation

of the vector of the heat flux with the value , which characterizes

temperatur e field in solid hody. This equatio~ they proposed Biot

(1804) and Fourier (1822). On their hy p othesis the vector of

heet-~ lux density ~, cacsed by existence in t h e  body of the 
J

heterçgeneity of the temperatures , that acts at the given instant at

the particular point of body, is direct ly pzopcztional to the

existing at this same pcint and at this saic mcment of tim e gradient

Cf th. temperature:

~‘~~—Zgrs dT. (1.9)

Sinus sign is determined by the fact that in conformity with the

second law of thermodynamics the vector o.f teat flux is directed to

the sjde of the less heated parts cf the body (direction of negative

gradionts).

The coefficient of proportionalit~ A, which obtained the name of

the coefficient of thermal conductivity, j.s cne of the mos t important

physical characteristics of substance.

In connection with the fundam ental value cf equation (1—9) the

e,cperiienters again and again turn to its checking.

Page 8.

-~~ _ -~~~~-_ —._ —~~
. - —-—-~~~- ______ - -- - - - - - ____
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Its path consists, in particular , of the ccipar ison of the results of

the calculation of te.pcEature fields, constructed during the use of

equatjcns (1—7) and (1—c), with exp erimental data .

One of the last/latter such checkings was made ~y Liedhoim ,

Baker and Kirkkpatrick [1— 2). In view of its special interest let us

pause at it i~ more detail.

~n work was investigated the  tempetat’ute field of cylindrical

copper specimen/sample with a ciameter cf 14.76 more than 60 mm in

loqg. Were accepted spec ia l  measures fer t~~t thermal scz~eeninq of

lateral surface , so that in the case of heat supply from end/face

~~re provided the conditicns of one—disezsfc~al prob lem. As the

source of thermal energ y served the arc reflecting fur nace with dual

parabolic reflector, which mad e it possible tc change the density of

radiant flux on the end/face of specimen/sample within lim its of 1400—

23000 W/cm2. Experiment eccupied several seconds. So, at the

density of f low 3600 W/ cm 2 e x p o s u r e  time was 2.4 s. lielting point on

end/face was reached afte r 1 a.. The inertness of thermocouples was

brought to the minimum: the diameter of bbs electrodes of the

tu~gsben—rhenium thermocouples, inttcdwce d tadially into

specimen/sample, it was 0.0254 mm. The temperature fields, obtained 

- -  _ _ _ _ _  _ _ _ _ _ _  - 
~~~~~~~~~~~~~~~~~~~~~~~~~

I
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experjm entally, were compare d wit h the results at solutica in

el*ctronic computer of the cne—di m eD sicral equation of thermal
S i

cpnduc tivity taking intc account the temperaturE dependence of heat

capacjty, density and thetm al ccndwctivity.

The ccincidence of calculated and experimental data allowed the

au thors to make the conclusion that and in the case Cf ver y large 1;

heat fluxes (gradients to 1000 deg/cm) Fourier ’s h ypothesi s does n ot

diverge from experiment.

~n connection with the positive result of such checkings at

present Bio — Fourier ’s hypctbesis is ccnsidered as law, valid in

practice in all range of the conditions of applying solid bodies.

I - )
The coefficient of thermal conduct iv ity in connection wit h this

acquires special importance and is the object ,svbject of widespread

iavestigations. It must be toted that it the gene ral case of

anisotropic bod ies it is tensor of second crder and du ring bringing

to principal axes contains three main ccap çrent s (1—4].

Pace 9.

Pouriér law in this case is record/written in the form

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ - ~~~~ ~~~~~~~~~~~~ ~T-
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~1-1O)

where i= 1, 2, 3 — index of axes; ~=1, 2, 3 - index of the addition

(addition in accordance with Einstein ’s rule is realized on the

repeated index) and it is system of three ecuaticns with sir (taking

into account the symmetry of tensor) independent coaponent~s of the

te;sor of ther mal conductivity.

let us emphasize the characteristic torque/mo ment, in troduced

amisotropic than the material. If for an iscticpic materia l the

vector of heat f lu x  is ocrial to isothermal sur face and 1* parallel

to th. gradient of temperatures , than in anisotropic med iu m in the

general case this is not tw]filled: the vectcr cf heat flux differs

f r c m  the vector of temperature gradient. 1:

Blo — Fourier’s lab makes it p ossiLle tc derive the differential

equaticn of Fourier ,, which is the tasis ot the calcu lation of

temperature fields and hEat—fic u d istributict in bodies.

For its first task it is possible to irite in the f o t m

c~-.~-— di vlgra dT— q~,=I.O, (l-I~)

for the second — in the f c r m

~~~-~ - =gmd d Iv —gr.dq~. (1.12) 

-
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-
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Here ay —~J cy, il/k — iscchoric coefficient of ther ma l

diffusivity. Its walus is proporticual to the velocity of propagation

of is~tbermal surface ip hgdy [1—3)1 .

FOQTNeTE 1• Ii~ prac tice we, as a rule, do oct meet the realizatioi~ of

the isochonic processes of thermal. conductivity. In connection with

this usually in equatio~s (1—11) and (1-12) are utilized the values

Cf the physical parameters, un dertaken at a constant pressure. Let us

note, howe ver, that in pure form tbe isebaric thermal cond uctivity

occurs only in some simple tasks. Larger partly in bod y appears the

fi.ld Cf thermal stresses and neither one nor the other limiting case

occurs. Tl~e strict solution of this ccfaplel prchlem for solid bodies,

however, scarcely whether is justified due tc the low value of

difference c,—c~. EIDPCCT I~CTE.

Equation (1-11) is correct for the isctropfc and an isotropic

bodies whose properties caq depend both on the coordinates and on

temperature. In the general case it is nunliuear and integration of

it is very complex problem.

Page 10.

~

r -

~
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let us examine some conversions, w hich make it possible in a

num ber of the cases to lead equatica to a simpler form. Let Cv and X

they depend oq tem perature. Then (1—11) it is wtittem in the for.

47 4) ~ f f ö T \’,f 4 T \ ’~~ f d T \’ç, = ~9’T-~- q~ + -
~~~~

- I ‘ ‘
(1 13)

This equation is ncnlinear .

Fcllowing Kicchhotf (1—5), let us intzcdece tbe new variable

A=-~~ L(T)dT, (1.14)

whence
ÔA .. )~ 47 ÔA )~ 47-~--•ç•-~-; --~

-
~~~~~

amd so forth.

Ta king into accoun t relaticnship/ratic (1—14) equation (1—11) 1’
caq be writteg in the fc r m -.

(1.15)

wh ich corresponds to the form of the equatico ct thermal conductivity

for the case of the constant value of the coefficient of thermal

ccI~ductivity. On the coefficient of thermal di-ffusivit y f ly  of such ñ
l imi ta t ions, it is not superimposed. In (1—15) , it, in th. general

case, depends on A..
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let us examine the conversion of equating the thermal

conductivity for an anisotrcpic medium. If x1, x2, x~ 
— principal

axes qf the tensor of thermal conductivity, and )~~, ~~~, 
)5 —

corresponding principal values (4 t he in accordance ‘with fourier

law in the for. (1—10) citterential eguaticn of therma l conduc tivity

takes the form (we assume that the thermal ccnductivit y does not

depe nd on tempe rat ure ) 
-

~ 

-

c~, -~~-~~~~~~ ~r+as _
~-+a. -~~- 4-q,,. -41.16)

xi= ,AJ ”!l.X 4i =’1,2,3).
utilizing substltutlo,,lLt is p ossible to cc~vert eqs.tiom (1—16)

tc the for m 
- ,

cv ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I
characteristic for an isotropic material with t h E  coefficient of

thermal  conduc tivi t y ) = (  ) 1,A 2, X~~’ /3.

Page 11.

1~

One should focus attezition on the in.van iahil ity of the volume

eleme nt of body during this conver sion: dY = cX 1 dX 2 dI3=dx 1 dx5 dx 3, whic h

ma kes it possibl. to consider constamt~in .variable the productivity of

internal sources gv an d value c~4~-.
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the cc.mon/general,total equation of thermal conductivity (1—11)

does not includ e information about the coaditicns of the coupling of

the bpd y in question with Qtviicnaent. Iq ccanection with this it

cannot unambiguously determine entire picture of the distvibution of

the temperatures and heat fluxes in body. Ihe sclution of this

equation can be only only during its ccnst ructicn taking into account

the conditions of uniqueness whic h determine qecmetry,

size/diaensioqs and the crystallographic orientation of the body

(gecmetric of condition)in questioo, of bhe value of the physical

parame ters, entering th€ equaticu (physical cc;ditiops), the special

teature/peculiarit y of the course Cf process in time (time/tempora ry

co;dibion) and finally the character of the thermal interaction of

the boundaries of body with the environment (boundary conditions).
I

Only tctality of this information makes it possible to find unique

an d stable solutioi.

)uring the construction of experimental prncedures for studying

on~ or the other physical. paramete r, tb e  assignment of physical

co~ditions is incomplete .  Their absent comp cnent ,l inks  can be found ,

if experiment furnishes icfcraaticp cm abort the tem perature

di~ tr4bution in bod y. Thus, wctd occurs abc~t the peculiar inverse

pr eble. of the theory of the thermal conductivity : teaperature field

)
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~
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is known , the field of heat flumes is known, bcun dary an d

time/temporary conditions are determine d., i t is nece ssary to f i n d  an

unknown series of physical conditicus. Is lcgical  tend ency so to

supply  exp erimen t, so that a number of cnk ;cu~ parameters woul d be

brcugbt to the minimum.
Li

In connection with the task of determiring the coefficient of

the r mgl conductivity, this can be reached b~ the creation of the

ccnditions under which dT/ô~~ O or T (x , y, z~*ccnst.

By this requirement is isolated the broad class of the so—called
1)

~~ationary problems of the thecry of thermal ccuductivity. Here from

equations is eliminated this parameter as heat capacity, and in a

nu.bem of the cases solution is re p resente d by the simple

correlations, which contain only the ccefficient of therma l

cc~ductivity .

Page 12.

In present work we will be restricted to the examinat ion of the

me thods of experiment , ins tituted cnl y cii static nary prob&ems .

Simplicity’ and strictness cf the analytical. descript ion of

tempe rature fields in such systems make it possible to return to them

pn.ference when objective of iissicr is independent data finding on

__  -- -- - -



~~~~~~~~~~~ --~~~~~~ -~~-

COC = 78133101 P A G E  18

the c~efficieat of therial ccz~ductivity 4th ma m im a lly possible

accuracy.

~t m ust be no ted that the larger partly necessary condition of

obtaining the calculated relaticnsbip/rat~ cs of method is the

introduction of assuapticns about the type cf the functional

connection of the coefficient cf thermal conductivity and

temperature.

1—2. Linear heat flux in body.

One of the widespread methods of the investigation of the

co.ffjciant of the ther.al conductiviti of the most varied mat erials

is the method of flat/plane stationary isotberus. Its theory is

instituted on the scluticn of the st€ad rst~te Equation of thermal

copductivity for the unlimite d plate with iscther.al surfaces. In

this simplest case the priblem is c;e—dimersicnal and initial

differential equation takes the form

-~~~~
- [a (F) 4~]+~v =o. (1-18)

h ider boundary conditicns T,.~ —.T1 and /7 k~ utiliziag

conversion of Kirchhoff (1—it), solution of problem it is possible to

find ~n the form 0—6 ]
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~
‘
~l = ~ l(,~~~

_ ”;’ + z(4_-~-~~~rc) .

(1-19,

If internal sources are absent (qv~~O) , the expzession~ i—19) is

reduced to th, form

(1-20)

or

________— 
) ,(T 1. T,j 1 

~~~ ~ (1-21)
TI —~ T1 ~~(7a. T,) ~

~he re

— the mean—integral value cf the coeff ic i en t of th erme l  conduc tivi ty

in the range of tem peratures T1—T2 and )~ (1~ 
T2) — the sa.e for

interval of T (z)—T 2.

Page 13.

Eron (1—21) it follows that in the general. case the temperature

distribution in plate is ncrlimea r; the f ac tor , which determines this

nc~ linearity, is the ratio cf th€ coefficients of thermal

co;ductivity, averaçed In difterent temperature inte rvals. 

~~~—--
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In the experimental eguip.entjdevices, which realize the method

of flatjplane isotherms , calculated relaticnship,’ratios construct, as

a rul*, un der the assumption of the linear temperature distribution.

In th is case arise s a quest ic q concernin g the d eter m ination of

reference tempera tur e T0, by which must be ascribed the obtained from

ex per imen t value )~~.

-)
If q — measured in expe riment beat-flu x de*sity, than

7
(1-22)

It is easy to show , fcr exaiple, that in the case of the linear

dependence of the coef f i c i en t c f t h e r m a l  c cr d uc tivi t y the refe rence

tem perature is equal to mean arithmetic frci T~ an d T2, i.e..,

‘l~~~(T1+T2)/2. A comparatively weak change in tb e coeffic ient of the

thermal conductivity of the majority of materials (especially in

hig h—temperature range) mak es it possible to use extensively a linear

appro ;ima tion and to relate the obtained in experiment values to mean

temperature.

The theory presented is th e  first approximation in the theory of

the diverse versions of the methods of longitudinal heat flux, in

debail examine/considered in ehapter 14•

Let us examin e the most important special feature/peduliarities

J
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of th. solution of staticnary problem whet q~*O. Its special case

is the electric b atiag with which

rl~~’,~ %’ I o~ V~~v m [ ~~e~ ) l~~~j ) 
+~~) j .. ()23)

where . — electrical conductivity of material; v — electric potential
at the particular point cf body.

Fundamental research of this versioq ccnducted ~ohlrausch [1—7].

In viöv of the importance of his work, wh ich marked the beginning of

the series of the precision experiments of the thermal. conductivity

ct metals and alloys, we will allow ourselves tc recall the main

torqu~/aoments of his reascnings.

Eage lt.

The initial •~uatica qt the therma l ccsdwctivity

divlg ra d T+q~~~o, (1-24)

wh ere qv is determined from (1—23), is s~ippleucrted hy the

requis ieu t of the absence of internal current sour~ es, wh ich is

record/written in the tcr. Cf the equati on

divF.iO, (1-25)

where i — a complstemess cf electric cerreut.
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Taking into account Chi ’s law i~=_ ~~±. equation (1—25) can be

written in the form

ô. ôv á~ ov à~ Ov
~V’v+ ~~~~~~+~~~~~~+-~-~~ -=0. (1-26)

If heat— and electzical ccnductivity depend only on temperatu re,

then the derivative of the correspcndinq parameter on coordinate can

he represented in the tcri of the product Cf the gradient of

temperature and temperature coefficient of this parameter. This ma kes

it possible to obtain the  r esul tant  ex~ ressicn for equation (1—25):

d . I Ô T  ~ OT Ov ÔT ~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (1-

hquations (1—214) ard (1—27) with the acditic; of boundary

conditions completely determine prchleu.

further converzions of 1~oblratsch are connected with the

introduction of special requirement for bourdary conditions. Without

examini ng any concrete/specific/actual form of ccnduct or, Kohlrausch

requires so that the iscpot€ntial surfaces of irput and ontput of

curr ent f ro m conduc tor ~cul d be isct be n m al 
~
y surfaces. All the other

su rfaces mus t be ad ia batically isola te,iinsulated . In this case it is

possible tc show that and within ccnductor the ccincidence of

isopobential an d isoth e r m a l  su r f aces  w ill h e preserved, i e.,
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te.perature will project/emerge only as fuacticv of potent ial.

This position is aipressed in the form Cf two equat ions:

or dT~~~~~ .

(1-28)
PT d’T~~~~~ ’t’ dT d’~
~ r~~~ r (~~) -~~- - ~~r

Page 15.

Stilizing (1—28) and taking iDto account 41—27) e initial

Equation (1—24) can be led to the for.

d~T u d ~~1~\ f d T  ‘ ‘—0-
~~~-+-~~--~lr~~--

j ~-~)j+r--- .

~n the Obtained equation Cf coordinate , they are absent.

Positjon (1—28) render/stowed the case, ~atisfying equation (1—2’s).

For the conductor, heated by electric current, temperature state

un der Kohlrauscb’s bouncary ccr dit icns dep er d s  not on X on ~
iadiv jdually,  but on the relation of the~e two values. Integration

(1—29) gives the equation

(1-30)

coi~stant of which they can he determined tic. bcundary conditions.

Thus, fo r  insta nce, if are know n the tempercturcs and poten tials in
three points (linear) of conductor , then solution is converted to the

for. -
~~~~

_ _ _ _ _  - A
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m1(T._ TJ (4..) +i’.(T1 _F .) (4.) +
+a.(T.— Tà ( ~L) =4- (v~ —~à (c.— m j ( v,—~ 1), (141)

I

where (4-)’, = r.’
~r, ~

‘4.dT and ap t c r t b .

~f the experiment is supplie d thei~ so that  the distan ces between

points and the temper atures in extieme poirts would be identical,

then özpressisn (1—31) will take the especially stapl, form:

(4-) —-~- 
4r. (1~32)

Were: AT — difference in the temperatures tetvee~ extreme and

.idpc jrts; V — potential drcp Letw€en extrem e points; Q~/ a)~ the

average value of the relaticn of the values of heat— and electrical

conductivity in the range of tempe ratures dT.

The construction of the exper i m ent , instituted on relat ionship

(1—32), is determined by the possibility of the practical realization

cf the special, sufficiently rigid bouqdary conditions: the

isotheraicity of contact surfaces and the adiabatic insulation of an

entire remaining surface.

Page 16.

A
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Their executiQn in practice is con jngate/cc.hined with considerable

difficulties. 
- -

however , In many instances the sp€cific system of corrections

makes it pcssible to utilize a remarkable soluticn of Kohlrausch,

also, during divergences from the conditicns of the examined b~ it 
*

problem. As we see further , this sciution lay as the basis of many

pract~ cal methods with the aid of which it ~as possible to obtain

precision data in sufficiently wide temperature range.

EFFECT OF RADIANT LOSSES DOlING THE PIEA SUB IPEN ’I OF THE COEFFICIENT OF

T H IPSIL CONDUCTIVITY BY EOI~LRAUSCH’S N H 1 l i O E .

~ohlrausch’a relationship/ratio (1—32), uritten in the torn

T_

f ~ p d r _ 4- I If ~. (1-33)

where p — the resistivity of ccnductcr ; R — cciplete value of

eLectrical resistance between two equipotectial surfaces (coinciding

with tsothermal ones with temperature ‘Io) Cf the condiactos of any

tcra; I — the full current, which passes on it, and T, mayimu.

temperature, it can be expressed in specific different ial for..

~t is real/actual, it differentiated (1—33) on I! and examining

derivative under condition 12 +0, we will c&tain : - 

Th ___ -~~-~~~~~~~~~~~~~
--
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(5 ,—Xi\  R, I
s )7T fdT .Id (I ”f l,~ 

(1.34)

in expression (1— 3~4), cbtained by for the first time pains ones

(1— 8], x2 and X t — longitudinal cocrdinaties of cylindr ical conductor,

which have the constant temperature ‘ti,, R0 — impe dance of the

conductor between this by pçints at conditicn i(z)=T~,.. Ind ices 0 and

k with derivative dT .Jd’(l’) indicate , in t h e f i r st place, that the

value of the latter is tndsrtaken with 1=0, and , in the second place,

that this value is obtained under conditicus of idea l ex periment

(according to Kobl.rauscb), by whom the floating surface of con ductor

dries not have heat losses. Let us assume further that the conductor

wi th durrent is placed into vacuum chamber with temper ature T0, equal

to the temperature of ccnductor in points x 1 and x,. Assumin g that

the serface of conductor is much less than the surface of the

camera/cham ber, ex pressicn for radiant losses can be written in the

f o r m

q,(T~~~s( T)s lT4 (X)_T~J (1.35)

where a — constant of ste f a n a  — Bol tzm ann ’s l a w ;

£ - ‘  hemispheric inteçral e.issivity factcr cf conductor.

Page 17.
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in work (1—8] it was shown , that under the formulated above

bo undary  condit ions the ca lcu la ted  re la t ion sb ip ,ira t ic  for  the

coefficient of therma l ccnductivity can how.1 fccnd in the following

fcrm :
, ~ 

I x,—x, \ ‘R, I
I) \ S )~

. 
~~~~~~ IdT1./ d (P)J,~,. ~. (1-36)

where

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ )~.
x

I (x,—x,)’ ~~ 8
I— -~-.2 — 4r-—u( T.)I o -r X

X(,~,.....x,) ~~~~ 
dx]

~ I S \ f dT. (1-37)
X !¼ XI _ 1 Pt3i7~~1Sr

jndex r means that the correspcmding values of the entering the

f•raiüa values are related to the conditions of real experiment. In

expression (1—37) d, the diameter of cyLindrical conductor.

if the real experiment is processed o~ Koblrausch ’s

relatjcnship/ratio ( 1—il l ) , then t he  obtaia c values of the

coefficieqt of thermal coaductivit) will prcwe to be overstate d,

since maximum temperature T,. as a tesult of radiant losses changes in

dependence on current less than in the ideal case , i.e.
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(1.38)

From the comparison of expressions (1—311) and (1— 36) it follows

that the d imensionless quantity 0 is the ratio cf real coefficient x

to the specific from the Equaticia of Kchlra$sch coefficient of

thermal conductivity ~~~~
. i.e. ~~~~~

value 2~~~~~~~~~~se (T,)T  can be considered as certain component of

th€r.dl conductivity ~.. cause d by radiant lcsses. Utilizing this

designation, expression (1—37) can be written in the form

r ‘
~ 1’

I 
(si —xi) ’3 (dT / d (I ’)) dx J

I ~., a. 1
I__ I — IdT.Jd (1’)J,~, J

I ) , 
(l.39)

Ispression (1—39) makes it possible tc calculate the correction,

which considers divergences frcm the adiataticity of lateral

~1insulition/isolation during the detetminaticn of the coefficient of

thermtl conductivity by Icchlrausch’s method. For the rough estimate

of the possible values Cf this correcticn . Ecde proposes the special

r c m c g r a m , presented in Pig. 1—1 .

-4
Page 18.

_____  — ~~~~~~~~~~~~~~~~~~~~~~ - 
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.
3

~et us assume that the length of the wcrking section of

spscia€n/sample x5 x 1=50 nag an d its diam ete r d=2 ma. These da ta

determine the coordinate of the starting pcint Cf momogram . Furthe r J I

is considered the temperature of end/leads, equa l  to the tempera ture

of camera/chamber 10. Let us assume it is equal to 14000 J(~ l~nowing

further emissivitp factor ( €=C.1) and measure d in exper iment value

we f in d values ~~ an d through it — e~ d pro babl e deviat ion -

~~~~~~ For depicted on diagra. case )~. =0.5 u (cm.deg) 1 and (-I--4J~ )~

1.50/c.

L_  
_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

‘ H

- -  r . 
~~~~ 

.
~~ - - -
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3

a a x  ~ —

Fig. 1— 1. Bode’s nanogr am [1—8] for deterairing the correction for

lateral heat exchange d u r i z~q the use of equatic*s of ~oh].rausch.

— length of the wcrking sectic n cf specimen/sa mple ; d — its
diameter T0 — temperature of end,leads. equal tc temperatu re is

furna de; ., integral emfssivity factor Cf s~ Eci..n/sample; ‘•~ 

. .r - - . ::~ . ~~~~~~~~~~~
- - - --- 

~~~~~~~~~~~~~~~ -~~
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—measured in experiment (designe d according to the equation of

Kohlr&usch) value of thermal conductivity.

Page 19.

1—3. Stationary temperature distribution ~.n ro d with curre nt un der

conditions of intanse rad iation heat exchange cu lateral surface.

in range of the high—temperature measurements of heat— and

electrical conductivity the special place occupies the problem of the

electrically heated conductcr under ccrditicns cf its intense

radiation beat exchange with the surrounding space. Behind term

“intense” here hides itself the cciditicu ci a considerable

difference in the temperatures between condtctcr and chamb er vail, in

which is located the corductor. This dces rct make it possible to

co;duct the simple linearization of lateral beat  emission and it

fcrces to record/vuite diffsr .ntial .q..tic c in the form

(J-40)

where F and S — perimeter and the cross secticu of conductor; X, p, Z

— in the general case depending  on temp era ture  thermal  con ductivity,

resistivity and emissivit y factor of material I — current; T0 —

tempera ture of the vall~ of vacuum chamker .

L~~~1L _ — - —
~~
-.-

~~~~~~~~-
-,——

~~~~
— — —  

~~
-— —
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iquation (1-SO) for esse~ce i ts is the equa tion of the hea t

balance of the isolated cel l/eleme nt cf co~ cuctcr, written on the

assump t ion tha t the value cf the ra d ial temperature distribution in

the cross sections of cc~ ductor can be dislegarded.

The temperature distrituticn , described by this equation, was

exam ine d it many works (1—9— 1—15]. The most thorough investigation of

this problem is made Dzhayn and Kr ishnan (1—11 , 1—12). This work has
*

fundamen tal value for the whole directioq ci experimenta l methods. In

connection with this it is ad~ isab1e to present her

ccnclmsioq/derivations in stiuicient detail.

Page 20.

If is disregarded the temperature dependence of the physical

co;stènts, entering equaticr (1—40), then, as is known, its solution

un der the boundary conditicns

T~~T, i~~~x .’O ( (1.41)dTfdx=.i O; T=T, j *x —_ 1,I

Key: ~1). with .

where Z — half of the lengt h of specimen/saiple , it can be

represented in the form - •

x_
1
f14(T, l f)_ b I T T) ) t m .  (142)

— ~-——-— —-,.~~~~~~~ ,- --~--.-- — — • ~~
— I
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where

2 P.. (1-43)

2!’p 2Pt.T ~
).S (1.44)

0 — temperature at the end/lead of the rod; in the pa rt icular

case jt can be equal to 0 or T 0.

i- i

~t is impossi ble tc present  i~ tegtal (1—42) in elementary

fu~ctjcns.. HoWe ver, integrand can Le expanded in the convergent power 
H

series and to integrate it liecemeal.

lefore approaching toward exparsicu (1—42)., l.t us find the

relatjcnship/ratio between current and tealcrature Tm in the middle

c~ infinitely long wire in the tori

Pua (74
_ _T4

,)=I1+. (1-45)

I- )
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)

~~ 1

.1

Let us note that Tm lemT :.

Frcm relationships (1—112)-- (1— 145) it follows that b~a—_=574 and,

therefore , (1—t2) can be wr itten in the f o rm

.~ V~=j I5r~T~ — 7’) ~ dT (1-46)

Af ter accepting T~.—T=—t, we will obtain :

- 
- )

xVi= 5 (5 (T . — T~) I 
+ 10T~I’ — l0T~I ’+

+5 —I T41m dt , (147)

i.e. the temperature distribution was determine d only by three )

parameters : Ti.Tm and a, w h i c h  at the giver lergth of rod 2t and with

this current I are constant s, not depending cn x.

-

Integrand can be prese nted in the for m ci the funct ion, which is

I--

) 
—- ---,- — . . .- - - - - - _ _ _ _ _ _ _  _ _



--
~~~~~~~—- -——- -- - ~~-- -

I..

DOC ~ 7813310 1 P A G E  35

deccmpcse/expanded with yci in the series

I ~ i .a 1.3-5 ~ ‘I 48’
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ $

Pag e 21. $

$
values of the first tuc mea b ts of in tegrand in (1—43) are equal

only uhen ~~~tc (Fig. 1— 2). - 
4

i4 _ T~
~~~~ 2~~f ’  (1-49)

~tnd the sum of three remaining terms is negative at all values

C-(t<t,. Consequently, are possible two .sthcds of coqverting

integrand (1—47) to form (1—48) : when 1~~~1C w h e n  tEe f i rst member in

41—473 more the sum of remaining w ubers, aEd when ~~~~1c, when the

second member in (1—47) more the sum of the others.

With respect to this tod is divided ~y tw c parts: ran ge A,

arrange/located in the .iddle part cf the rcd , w h e n  ~~~~~~ and

I~~~<O. and rang. B, arreng./located cn tbe extreme section of rod,

wh en 0~~ X<X c and 0<I~~t~
.. Bach ci the raz~çes A and B has their

charadt riatic features of the te mp er a t u r e cistribution. It is

logical that in vicinities 1—to the telEerature fields must coincide.

Wang. A. After multi p lyin g bcth ci parts ci equality (1—47) on

(5 (T —T ) I ’2  and after passing tc the nec cocrdivate q=~—x , whic h 

--- 
-~~ --- --~~“--- ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~-~~~~~~-~ --.- .  -~~~-
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charaoterj2es distance from the center cf ccd tc the pcii* being

inves tigated with temperature t, w€ will oltair :

t - +
q~5~ (T _ T )J tm - ( 1 +1) ~ (1-50)

where
t . 1.51Y~~~~- ( 1_ -~~+ - i ~ rf 

(

moreover y< l when ~~~~~~ These inequaLi ties remain valid with all

pcssible changes I~ within limits O<4~~T,. in p ar t icul~~ , in

proportion to the decrease ci the length of zod value ~~~~~~~ as

fcllovs frcm (1—49), since in this case T~ dCcrEases wit h

ccnstant/in’variable T.,.

Fig. 1—2. Temperature distribution along
conductor with current in vacuum.

- - ,—~~~~---~~~~ =-~~~~~~~-~~~~~~~~~ ——----~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



£QC ~ 78133101 PAG E 37
)

)

Page 22. )

II )

In the case of sufficiently short rod t~~ to~ i.e. entire rod can be

lpcat~ d in range A.

Af ter integrating (1—50) taking iqto account expansipu (1—48) in

a series, we will obtaiE the law of the temp erature distribution in )

raqge A:

q = 
5a (7.4 74 ) 

(1 — s) ’. (1-52)

where
= 

~~ 
~ y dl— T~. dl +

+-i
~
G
~~

I
— +~,~ jg _ )  (1-53)

Balue s is low and can be considered as ccrrection wh ich in a )

series of the cases can be disregarded. On the kasis (1— SW ) it is

easy to ascertain that a has the greatest values on boun dary of the -

region A, at point I’—t~ ~s~end ing on t$ leng~t h of rod, wal ue $ on -

boundary of the region A ch anges fro m 0.1.1 An the case of

il
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sufficient ly long rod (t
~4~

7’i) to 0.08 in the case of sufficiently

short sod, when boundary of the re9ion A cc.incides with the end/lead

of rod (4—4—T 1) . Xn the internal part of range A of value s, it is

still less.

Disregarding value s, it is pcssihle tc speak about the

quadratic law of the temperature d istrib~~Ac; in nang. A:

__________ - (1-54)
- 5o (T~,

_ T
~)

One s hould focus atte~ ticn on the fact that durin g the use of

formula (1—54) of the quacratic law of the temperature distribution

for the ex perimental determination of the ccefficient of thermal

coqductivity, entering in a , the error, ccnrected with neg lect of

value s, is doubled.

Tempe ra ture  i n t e r v a l  t~ of r a n g e  A is de te rmined  in ( 1 — 4 9 )  and

depends only on the d ifference between Tm and ’T
~ . It is eas y to

calculate, that a temperature drop cn bcundary cf the region A

approaches zero for a lcng specimen/sample when T1~~*’T , and it

grow/rises to t’~~-~~~j  in the short rod, which coincides along the

l.;gth it is accunate with tcur d ary ci the reg icn A , when

—0,76. Vitib further increase of rançe A value 
~~~~~ 

Can

unlimitedly.

- .- ~~~~~~~~ - -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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linear intervalj~ in range A can be determined from (1—49) and

(1—543 . With constant a it depends only on .aximum te.per~ture T~ in $
the Riddle of the tod:

I
(1-55)

It is easy also to calculate , that witi the constant/inva riable

curren t when T,~, 
=const, the lenyth of quadratic zcne changes

insignificantly in propcrtic n to t1~e shcr t€ring of specimen/sample.

It increases from

(q~~ (_3~.)II2

f pr an infinitely long ap ecimen/sanpl . to —

ief 2 112 ~ 2 ~~~q~=1== 33 

~~~~~~~~~~~~~~~ 

~~~~~~~~ 
~

i.e. a all 1.6 times. With further shcrtei~ing of specimen /sample,

range A can considerably cverlap its lengt~ s (qc >~) .

It is interesting that for such very abort roes, heated by heavy

current (l<q.), value s in (1—52) beccuse real/actually negligible in

cic u parison with 1. Afte r substituting 1 7 , in 41—54), we will obtain -

th. relationship/ratio between the length of shcrt rod and its

maximum te.~ eratur. 7j
~~~~~ k(T ~,— Tj ) 

(1-56)
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luring the decrease of the length of rcd , value T
’ at certain

stage will become negligible in ccmparisoa withr2 and (1— 54) it is

converted in

ql~~~~ g_ (i4~~I<qe) 
(1-57) 

-.

i... ;n this case the ctrves of distrikuticrs t accord ing to q become

equidistat~t. After substituting in (1— n) values a fro m (1—43) and

7~,frçm (1—45), it is easy to ascertain that is obtained a special

case of the solution of i (ohlrausch .

Page 24.

lange B. Aftar multiplying both of parts of equality (1—47) on

(1013t)
lfZ, we will obtain:

~~~~~~~j

x( Z aT~~~
2
= J~a(~ +4-—*+

- 

++~~
-_ 

~~~~ )~~
‘2 dt. (1-58)

When t>tc.,one in integrand is greater than the sum of remaining

tetms4 This makes it possible to use resolutici in the for m (1—48) .

After removing for brackets frcm integraz~d 4 1—5 8) value
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(1-59)

we will obtain
1._ri - 

+

x (I O a T~ )
112 
= 

5 
(gt)~~ (1 — y1) dl, (1-58.)

where

Mi

also, after resolution in tie series

(1.60)

After integrating (1—60) piecemeal , Dvha yn and Kr ishnan found

- 
I sclutjcn in the form of the sum of three Ccrverging series:

x(IOaJ3Y”_ tu+v± W,~
I._T., (1-61)

where

~~~~~~~~~~~ 
.
.); (1-62)

V 21fl(R+I)+*(L....LIn LiL
)

(C f 7  19 g 75
j~r ~~~~~~~~~~~~~~~~~ 

-~r In -; (1-63)

_______ 
p

— - 2T, 
(
i+_

~~
__ 

I2uT~ 
- ..). (1-64)
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Page 25.

The ottained expressicts make it pcssitle to assert that the

temperature distributio n in range E ca~ be calculated with the

desired degree of accuracy.

Solution considerably is simplified in the very important

speci*l case when the length of rod Z—~
. an d respectively T~—*T~, t~---.4J

and g+1..

Inder these conditions series V aud V ~ppxoach zero and (1—60)

is reduced to

x(IOaT ,)
h/2
=UJ .=D_

(1.65)

wher e D — constant , obtained fr ca the ezpr emaiop

(1-66)

her. x 1/2 • 1/16 — 1,240

In the range of c~kaag. in the tempera tu res , whe re

- - ~~~~~~~~ (1-67)

- - -~~~



-
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expression (1—65) is reduced to the knots ezpr.saien of the for.
I

(1.68)

descrjbing temperature field in lo~ g wire rear its average zone. The

analysis, carried out by B2hayn and Kr ishnan made possible to not

cnly rate/estimate the limits of the applicability of calCulation

f ormula (1— 68) and to give tc it ccrrectioie, bmt also to

analy tically express constant C, w1~ich to those pores was not

de f ined.  
I

In practice usually are encoun tered the measurements on the

w~.res the temperatures ci end/leads of which are maintained by the

equal. cues tc certain 8/0. where 3,, in particular, roo m temperatures.

After replacing upper integration limit in (1— f e) oá ~~~~~~~~~ we

viii qbtai n impor tant icr pra ct ic. .zpr .aai cn for ~ is the form

D 4+-~~.+~~ , - ,~~~~ — .- .  (1-69)

Page 26..

With 8=0, as can easily be seen, (1—65) it trensfer~~onverts in

41—66).. It is interesting tc note that for final rods with T,(T,~ the

temperature field within the limit s of range E differs litti. from
- S

..
I
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thq f%eld of the infinitely long sp€cime~/samplc , heated by the same

c.rrent. Qt t~~is, it is easy tc be convince d vie the analysis of

integrand ~I) in (1— 146), which charac terizes the gradients of

tem peratures along the axis of the rod: )

This fact is allowed , without completing large errors to

rate/estim ate th. length X~~~ of range E cn fcraula for infinitely long

r•d (1—65) : 
- .

+ 4~~T 
+...) .

(1.70)
The coa.on/general,total halflengtb of tbe rod, heated by

eJ ectsic curr.at. depending on tem pe rat ure s 7’. end T, at condition -)

caq be calculated as sum x 11. 70) a id g~ (1—55):

3 7i— 7
~s\ 

•
~~2 - i ~~~~. ••

+- _j .f~
(

~~~~~~).  
•
~~~~~~~: (1-71)

Io~ 711T. 118)114 
~ 0... 76 the length  of rod determined was in (1—56) .

Page 27.

Account of tem perature coefficients.

- -
-

(1.72) 
-

C

S
— —~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—
~~~~~~
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where ~~~~~ the value Cf tie physical parameters at temperature 
i

T,~ and a, ~,-6 — their temperature coefficients , then d ifferential

equatjcn (1—40) after twofold integretice is re duced by analogy with I

(1—47). to the expression

- r i—.. -
x a— 

~
) (1-73) 1

Tb. physical parameters, brou ght tc value a,, are related to I
t..peut ur e T , and ~~~~~~~~~~~~ I

~~~~~~~~~~~~~~~~~~~~~(1.74)
there 

~ $ ~~~
f4 +(a+m) T,_ (h’+ ) T ./ T~+(P a) r~,1iI;

zt ~~ 16 + 4(a + 8) Ti+~~~~~~ 8T~,/ T~ +a ( ~—~ )T~/T~ j ;

4s 4 14 + 6 (a + 4) T,+4.4T~J ; I
~,a.=I+4 (a+a)T+6s$T~; - . I4si.. (a+t) Tj+4sIT~;

- (1-75)

they are constants.

In th. case s=~~~~ C coefficients a,=a5~a3~ a,~ 1, ~~~~~~~ and

(1—7*j it is reduced to expression ( 1—~ 7)*, as cm. voild ex pect.

n th. case of infi~jt.ly long rod (Ti~~1’.) equa ti~. (1—73) is
reduc•4 to form

-
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~~
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~~

~~ .~~~~~

- 

. T 

~~~~~~~~ 
- 

13-16)

wh ere

~~~g. ae.

-After expanding imtegrasd in pqvsr sdsies O—$S) and aft r

int.gzating it piecemeal, it ii pos sible to ob tain the dependence ,

which characterizes temperatu re field ii the in finitely lpnq 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--
~~~~-—~~~—-
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c.;du~tor, heated by the cmrreut: 
)

(1.77)
1~~t

A 1 — (12b ,b, — 6b~ sT~_ + 9b,mT~ — 8b1 — 5 ) 
(1.75)

In the particular case p60, A~ , k~~. A 3 ,~ are red u~ ad

respectively to 1/2, 1/16, 1/240, A~-.-~ mm d (1—77), it

trans~er/ccnverts in (1—65) , as one would expect . 
3

In such a manner, as it fcllows from 41—77), the account of

teupenature coefficients is led first cf all to an increase of the

integration constant x in (1—66) -by value TA~—K—8x. As show

calculations , value ~~ for a num ber of metals vary vithj.n the range

of 0 to 1. In particular, for the idea lized meta l  value 8,c 
~0.52.

Furthermore, near the end/leads of the heated by current rod , i.e.,

with small z, will manifest itself the effect of terms (1—77), of

including t. However, the ccmacn/general/tc tal effec t of th e

temperatur e coefficients of the physical ~araaeters both in the case

Cf infinite rod and in the case of range B of final rod is reduced to
— 

an inCrease in length z at the low valmes ci t cn )

(1.79)

Vithin the limits cf rang. I cf f in aL  rod, the introduction of

temperatur e coefficients did act influenc e the general vie w of

formula (1—52), but pronounced only in an irsignificast change in the
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small ccrrection s (for the value cf order I+&~)

Thus, carried out by Dzhayn and Krishxicn .tt€ analys is of

tempe rature field along the length of wire, hea ted in vaceum by the

passing electric current, sho wed fclloving :

1. The temperature distributicn alcng Lcd can be represented in

the fcrm of con verging series and is calcul~ -te d wit h any desired

degree of accuracy .

2. Are most characteristic follcwix g tcr.s Cf tem perature

fields: logarithmic (1—65) — for infinitel y lcn q con ductor in

temperature range t (ln t) 1<<2Tm and parabolic (1—52) — for middle

part (range A) of final rod .

Page 2c.

3. Within limits of logarithmic a~ d -quadratic te.~erature
fields, effect of temperatu re ccefficierts cf physical parameters

(thermal cond uctivity, electrical resistance an d euissivity factor)

is completely insignificant and easily is ccnsidered.

The results of the analysis of Dzh ayn end Xrishnan in recent

years were used for develcping a series of izocedures on the

LA. --_-~~~-_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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investigation of the thermal ccnductivity Cf metals in the

temperature range of 1OCC—3C00° K.

Those obtained relationships (1—56), (1—65), (1—69), (1—71) and

(1—793 between the length of rcd, its physical parameters and the

•aximmm temperature in center are extremely useful dur ing the

construction of installations and iOstrumerts with the wire or rod

heaters, working twnder ccnditicns cf intense heat exchange

eaissjon/radiat ion.

Eode’* method.

Recom mendations to experimen ters, place d in

c~~clusion/derivations cf Xrisbnan and tzhayn dc not exhanst all

possible versions of the system atic metI~ods, wh i c h all ow f ro m

information about temperature field in condtctcr with current to

extraCt the coefficient of thermal conductivity.

The original way of converting the initial equation of the case

is question proposed Bode (1—16], w ith cne cf the particuLar results

cf work of whom we were introduced above. Its approach is instituted

cm combined az~alysis of the series of static;ary temperatire fields,

which correspond to the different values of the feed ing

sp.ciaen/sauple current.

- - -  
--
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let us exa mine the hasic torlue/mc zents of this origina l work.

Just As Krishnan and Dzkayn , Eode e x ami ne cne—dimensio nal Bode

examines the one—dimensional prcblea of the stationary tem perature

state of the fine/thin ccnductor , heated b y current and placed in

vacuum chamber . The temper a ture  of the iatterT in the process of

experiment is constant lower than the temperature of con dmctor.

initial differential eçuatioa here is reccrd/w r itten in more

çeuera l form, name ly:

(1.80)

Her e
J (T) .~~, g (T)= �~.L q1;

— specific imped ance; S — the cross secticn cf condu ctor;~~~ —

~pecitic heat losses f r c m  i ts l a t e ta l  s u r f a c e .

Page 30.

This form of equaticn considers temperature depen dence not only

p and T� but also the g€cnetric dimensicus cf ccnduc tor. Further

analySis is conducted in ccrnection with the boundary cond itions of

- .-
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cc~ stant temperature T0 at points x~ an d x,. Th e autho r shows that

with this between by points I i and x 2 is possible only one extr~ mui

temperature cur ve, that depending cn the curten t stren gt h I va lue of

maxim em temperature 7~ can he ho th less an d is more T~, an d f i n a lly -;
that at the specific strength of cnrre~ t J-= 10 the temperat ure over

entire length of cut x 1— x 2 is ccnstant and equal to ‘10. Taking into

account the symmetry of the temperature distrib ution , it is possible

to obtain the first integral of aquaticn ,(1—8O). in two forms:

iT ’(a..~ .)._2ja.T)_f(fl)d7 (1.81) 
4

and
l i T

~
“ 

~~~~ 
r)V’f(T) — g (

~)1 dx. (1-82)

From last/latter equation €scape/ensue~ th e impcrtant result: in

the imp lemen ta t i on  of c cnd i t i on s,’mode w it h  c u r r e n t  10, its l e f t  side

turns  into zero , but  int .gr snd  becc .e not d.p.idiog on x~ then

(
1.83)

Durin g exper iment this conditions/mode gives intor.atinn about

th. value of specitic lesser trcm lateral s~ rface. Further

prccess,’operations consist into searching for values ot derivatives

on cunrent, uqdertaken of expressic~ s (1—81) aad (1—82) ii points 
(

- . la I n an d 7 - 7 ~, and the anal ~ r ia of the equality 

~~~~~~~~~~~~~~~~ -:~~~:~~~~~~ ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - 

-
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Page 11.

~s considered also the thermal expansic n ct the condector

(x, — i
~~~~~, ~tiiT14 

i(se
;

ss). },j(.
~), dx

1. 
“ (1.85)

and c hange impedance R__5+dX with the eminent

d R \  
_______  

dR.?i ’d T \ d 1-86)
~~~~~~~~~~~~~ j I.~~T)  x.

Uer e (x a— x i ) d  
— d istance hetween two pcin tz in the isothermal

states I(x —x,)J~, 
— the same after estahljshment along the length of

the working section of temperature l
~0.

js utilized also the e~pressicn , whic h ensues from (1—83) ;

~~~~~~~~~~~~~~~~ 
(1.87)

Taking into account the relat icnabjp~zati.s indicated equality

(1—843 leads to following expressicn for the ccefficient of the

thermal conductiv ity: -

I 1~~ R~~~~~’)’• 1’ 
-

l fT,)~~ (~~~
;

~~
-)T.~~~~~~~

- L.~ U~~ i~ J 
~

.• ‘(1-88)
1_ ( _ t _  

~~~~~ J

_________________________ -
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Here U0=3010 — potential difference ~~ the conditions/mod e of

is cth atma l heating.

Gne should note the strictnes s of expressic~, any simplifying

assumptions about the temperat ure ccurse pf the proper ties of 
-

material and radiation losses it was not macc.

Bur ir~g experisentatiox~ for a num ber of the values of temperature

at the end/leads of the wcr~ ing cu t T0, it is necessary, b y changing

current I, to measure depez~ding on it the ~pprc priate va lmes of

iaximmu te m pera ture~~~~7)ana impe dance of sEctics R(I). Hence it is

possible tc find the necessary derivative s and -to àonstruCt the

curve$ T0(10) and Botl o).

it is interesting to ncte that calculated relationship/ratio

(1—88) does not change, if intc initial differential equat ion is

introduced mem ber — I i ,,S (dT/dx), the considering Thomson ’s effect

(r — Thomson ’s coefficient). This is strictly shown to Bode in wor k

(1—17). 
-

—----———— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -—-k- - ~~~~~~~~~~~~~
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Page 32. 
1

I
1—1k. Ise of radial heat flux for tbe investigation of the coefficient

cf thermal cond uctivity. 
I

The differential equatio n , which describes stat ionary 
-

temperature field in the wall cf cylinder in tb€ absence of

longitudinal heat flow in the case of isotrcpic material and action

of internal sources of heat (qv>O) . is rec or d /v L itte ~ as follows :
_
~ .~~~{a (T) . r .~~~}

_f _ q~=o. (1.89)

let us examine the scluticn cf pn~cblei under the boundary

Iconditions
r =r ,; T=T ,; 

~ (1-90)
r =r ,; T= T ,. I

• •tising the con versicn qi Kircbtoff

(1-91)

equaticn (1—89) can bs t r itten as fcllews n

~~~~~~~~~~~~~ (1-92) 
1

The genera l zoluticu of this equatiom is tepresented by the 
I

expression

A~~ C 1nr_ .~~,.+B. (3.93)

I
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After determining constants C and B fncv b cmn dar y conditions

(1”9OJ~, it is possible tc obtain this scluticn in the fo rm (with

qv ‘—nonat)

fr~= f!~t(4_~)_
_ adT j ~~~ 

— !~ (*~ ~ (1-94)

ox wi~b th. lover limit of left integral , equal -to T,,

S 
(1-95)

Page fl .

From equations (1_gil ) and (1—95) it follows that in the simplest

case ju the absence of internal sonrces , i.e., when qv—O , and the

c~~stancy of the coefficient of thermal corcuctivit y k the

tempe rature field in cyiinder behaves lctharithufcally. In the case

cf the dependence of th~ coefficient of th~ nmal conductivjty on
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tempesature this dependence the more pqwerf~l d i f fers from

logar jthiic, the greater tempe rature ccefficients A .

~tiuizing law of m a n  equaticr (1—94) it is possible to write in

the fcr.

T—T 1 =(T, -_ T 1)-~~~•1-!!~
.i’J!j_ . (1-96)

where

~cpj~=~~~5~~~~1 J l (T) dT;

(1-97)

~~,,
= T _ T II~~

1(T) dT .

~t is easy to show that in the case of ti€ linear dependence of

the cçefficient of thermal co*ductivity on the tempe rature its

average value in tempera ture interval T1—T,~ is equal to the value ,

undertaken at arithmet ic scan temperat ure. i.e.,
p ‘ T1+T~~

- 
a~,(~,~1+1)_ 

~ 2 -

Thus, in equation (1—96) nelaticn A~ ,/A~~ is the function of

tempera ture, which determines the distorbicn Cf the logarithmic law

of the temperature distribution. Generally £peaki ng, this is the

serioss limitation of the ietbcd cf radia’ heat flux in its most

widely used version: in the case of tbe coI~ lex temper ature

dependence of the coetficiett of thermal cccductivity, we not in

• state to f ind its true value. rim basic cilculated relat ionship/ratio

of radial method easily is cbtained frc m the jcint solution of



-—-~~ -- ---~~-- - -  —--— - - -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~oc ~ 78133102 P1G~ %‘

eqsat;on (1—89) and of Equating Fourier. Whe n qv—O this

re iat~.onship/ratio can be represente d in the form - - - 1

Q ln(r,/r1) (3.98)

Page 34.

Here as earlI~.r: 
)c~~~~T r J ’L (T) dT; Q— total gmantity of heat,

passed through the cylindrical surface with the formin g length 2.

the experiment , instituted on relationship/ratio (1—98), assumes

the a~asureaents of teMperatures at distances r 2 and r 1 from the axis

of a Cyl~nder, of a vorhing length ~ and pf the total quantity of 
I 

-

beat, transmitted at this length in radial cirection.

in a number of the cases, can prove tc be effective another

approach to-the constructicn Cf experixental prccedure in radial

system.

Let us write expressior. for heat flux tbrcugh the isothermal

surfade with a cur!rent zadics Cf r: 
-

— 2~r1a (T) ~J ~—Q. (1-99)

After integrating (1—99) according to the thickness of

slecimen/sample, we will obtain:

il ( T) .41n
~

L. (1.100)

jf in experim ent ~s craated
’cc uditieas fox maintenance Ta =
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- i
co~st1~ then will arise tie [ossibility, utiliziiig rules of

differentiation of deficite integral with the a lternat ing/variable

upper limit, to obtain t rue  values  of the cc e f f i c i e n t of therm al

co;dudtivity. It is realiactuai, 
fl -i

A Tiu l(T) .umi Ia~~~r~) 
4~

• (3401) 
1-in the more g eneral case when bot h ot integration limits change

dun in~ cha nges in the hea t f l u x , i.e., l1
-
~~~~f (~~~~) and T2=F (C) , by I

apply ing the rules of differentiation with respect tc the parameter,

it is possible to obtain:

J=-a~~~~~ +!!~~
nI) 
.~~~~~ - - (1-102)

in practice frequently there is kncva the valve of tke

co.eff4cient of t h e r m a l  c cndu c t iv i t y at lower temperatu res. In this

case the construction of exp erime nt cn the basis of

relatjcnship,ratio (1—102) is especially effective.

Page -15.

let us examine more commou/generalftrntal prcble.. If equation

(1—89) is solved into assumptions qv~ con~t uncer the bcv ndary (

conditions r=r 1; dT/dr-= C and r~r1; ~~~~~ vi will obtain:1’ C
(1-103)

whence it is possibi. tc obta in  initia l re la t icuship/ra t to  for

determining the avera ge in the rançe of temperatures T2 T5

c,ceffjcient of the thermal co~ duc tivit y

4 (Ti — 7 .) [i — (*)‘ — 2 (*Y in 
*} (1-104)
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in the general case qv*const sz~ ce electrical conductivity of

materjals as their thermal conductivity, di~ ends on temperature. In

this case temperature field is described by  a cne  comple x laws.

Gne of versions of the scluticn of eqvatic r (1—89 ) taking into

- 
- acccunt the variability of heat— and electrical conductivity proposed

A. V. Pustogarov ( 1—la], After introducing the funct ion of thermal

conductiviti A..
f 

ldT and after assuming linear ccnnection between

electrical conductivity and functicn of thermal cond uctivity, i.e.,

c.AA+B.A. V. Pustogarov arrive d at the follcwirg tori of general.

sclutjcn:

A (p)~~C/t,(’)+CJ (v)— 4. (1.106)

and

A (p) ~~C1I,(v) +C,K.(’) (1-106)

for 1)0 and h(0 respectively.

in this case, p=r/r 2 — relative radiu of rcd, and ,... P~~~ 2,#I

where F — electric intensity; S,(-.) a~ d T~(’) I•ss•1 function of zero

crder of the first and seco~d kind ; I,(v) and ~w(,; — modified Bessel

fni~ctjcns.

During -the use of boundar y first—order, ccnd itions the solution

_-4
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ct ptcblem for a rod with current is represeRted by the ez pressio~
(I-IC?)

and fçr a current density

- • (1-lOS)

where j0 — curren t density cm the axis of ‘cd.
f i s

Xnoving the fsncticn of thermal condactiwlity A and esing

(1—l0~), it is easy to find the racial temperat ur, distribution.

During the organization of the correspcndin~ exper imen t, one should

consider the character of current distrlbuticn mith the aid of the

system of the special ccrrections, institvt~ d cn similar solutions. 

——
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Page 36.

Chap tir Two

BPTHO)S 0? THE STUDY OP HIGH TEMPECATUHE FlELD~.

~—1. Cases of pyrometry.

For the examine/consi dere d by us tanks of exper imental

theraqph ysics vital impcrtaace has the correct crgan ization of

tempe rature measurements.

I

The determination ci tie coefficient ci therma l conductivity in

statiqnary tasks is inpcssikle without the n~fcnmaticn about the

distribution of the temperatures in specimEn/sample, which make it

possible tc calculate tiE field of tem~eratire gradients. The

experimental determination cf another prOperty — the resistivity,

which substantiall y depends on temperature , is conducted on the basis

of intormation about the e1ect~ ica] parame ters if fini te volumes and ,

theretore, also must be supplemented by the infcraation about the

te.pesature distribution in this vclu .e.

Thus, the investigaticu also ci that, and cther conductivity

_ _ _
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types is direct—copnected with the expenimertal stud y of the

temperature fields in spcciaenjsaaple, which have now and then fairly

complica ted configuraticD .

Let us examin e the tasic torque/mcient s , ccnnec ted with the

solution of this important problem in bigb—teaperature range.

I

the high—temperature zcne of internaticual practical temperature

scale begins from melting paint of gold: 1 3 .~ *°~. Rely ing on this
value, extrapolation into the range of higher temperatures can be

carried out with the aic of the Plaick law, whic h connects intensity
- I I of thermodynamical ly  ra d iat icn equi l i br i u m  w i th  his tempera tur e T

and w*vel.ngth A : -

c ,A— ’ - -

(2-I)

where c1=(3.7~ 13±0.00Q2)s10 *’ W.a~~; c,~~(1.~ 388&0.0001)sl0 Z n x deg

(2—2 3,~~

Fundamental value for entire development of technology of the

measurements ef high temperatures bad the fact that Planck ’s

idealjzed emitter (absolute blackbcdy) can be well realized in
r

specill eguipuent/devices in practice. The acdels of the blackbody,

utilized for metrological target/pmrposes, are furnace with the high 4

• degree of isotheraicity hI working volume. Lelcw we will in somewhat

tore detail exa mine the proble . of the siaulatlcn of blackbody during

/-

LA -~~~~~ . 
_ _ _ _ _ _ _ _ _ _ _ _
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the stud y of tempe rature fields in solid bcdies. Here follows to

emphasize that the techrica] solution of the pncblem of blackbod y

gave to theoretica l formula (2—1) the character of working tool for

crgan~zing entire high—temperature pyrcaetr). 
- - -

in different -p yrometric eguipnent,devices are utilized the

different consequences cf Planck law. It is possible, for example , to

construct measurements cn tte basis cf radiant energ y, los t by bod y

in any compara tively naxiow spectral interval. In this case they

speak about optical pyrcn-eters depending 0; the type of receiver

(huma n eye s, photocell, photoresistor, etc.) tbe~ can be objective

cues and subjective ones.

Page 37.

The utilized in the indtstrial types of pyrcmeters met hods of

ionockroaatization are characterized by suf ficien tly wide spectral

range with the final coefficient of transuissicr . This forces to

i*troduce for such instrumerts the concept cf effect ive wavelength

..wk *dh, generally speaking, makes sense first of all for the

assigned time interval ct temperatures (for which it is constructed

the calibr ation of pyrometer). The signal ci instrumen t at

• temperature T1 can be written in the form of tie expression

a(71)....çIO.. T1)~~V~d?~, (2-2)
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4

wh ere ~ — the spec tr u m  in d ex of tie transu issicn of f i l ter; i - ~ —

receiver sensitivity of the eaissicn,’radiation (function of

visibility o~ h u m a n  ~~ — eye).

I
The relation of twc signals u(T1) and u ( T2) can be easily

calculated , if are known the ccrrespcndin g spectral charaC teristics.

At th e same time this sense can be wri t ten iq t ie  form of the ra t io

ci the intensities of absolutely black emitter, undertaken at certain

(characteristic for this system) wavelength ~~•. If is use d the fo rmu la

of wine (is disregarded one in denciinator (2—1) 3, then ca lculated

relationship/ratio for the effective wavelength of pyr ometric system

can be it will be written as icilows:

c, (T~~ —T~~)
(2-3)

~ I(7~. T1)~~V~d7~
ln~~

I (A . T,)IkV~dA

The system ,, w hich is characterize i thus such ~~~~~~ is considered as

guasi~ acnochrcma tic.

The study of the reaction of mcnochroiatic (or

quasi—monochromatic) pyrometric system for tie emission/radiat ion of

real body forces to intioduce new concept — temperat ure bright ness.

Real qbjec t loses from its surface smaller energy content, than the

absolute blackbody , which has the same temperattre T0. This fact we 

_______
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can e;press quantitatively, after writing

!~.,(A . T.).~!,(A. T,), (2.4)

where .~ it is possible to cal l/name ao n odhr cmet ic  eiissi.ity.

the ccmple tely formally right side of equa]it~ 42—4) it is

possible to represent in the expression, which describes

emission/radiat ion the absolute of blackbpdy~ after introd ucing

c.rtajn fictitious tempezatrre T~:

/~~(A , ~~~~~~~~~~~~~~~~~~~~ F,). 

- 

(2.5)

Pa ge 38. 
C

Equality (2—5) is the deterainaticu of temperat ure br ightness.

Its aper ture, by utilizing approac h/approxizaticn of Wiep .J, we will

citain:
C1 4 $

~7 = ’~ ’k —  
~~7 ’  (2.6))

or -~~~~

f I I A
(2-7~

In the form (2—7) bQ wrote the expression of the actual

tempe rature throug h the brightness, sii~ce usua l ly  prec isely so wil l

cost task in the measurements: acccrding tc measured temperature

brightness T~ and known eimissivity .~ to calculate the actual

temperature of object.

Etom Planch ’s coam cn/g€neral,total fcraula , it follows that the

I

I

~~~~~~~~
. - - -

~~~~~~~~~~~~~~~~~~~~~~~~~~: - - - 
- -

~~~ 
—
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ratio of the intensities, un dertaken at different wave lengths )~ and

A,, vjll be the single—valued function ci temperature T and also it

can be usa~ f o r  the construction of correspc;ding pyro meters. tt is

real/actual , in the appr oach/ approx imatios ci ~~~~~~
I A 1, T) f c , f I I \1

“ I~ ~~~-)J (2.8)

The pyrome ter , instituted on equation (~—8), during measuremen ts

for the real objective iiili give scme fictitious temperature, w hich

diffets from the thermocyram ic temperature of -cbject T~.
L I

Zet us designate tils fictiticus tem p er a t u r e  through T~ and let

us call it color temperature .  Its de t e rmina t i on  in this case must  be

the fçllowing equality: -

~ (A 1. 7,) •),I.(A ,, 7.)

~~~~~~~~~~~~~~~ 7.) (2-9)

Taking into account (2—8) it is hexx~e Easy to obtain C)
ccsaunication/connection between tie true end color temperatures:

i 
____________•7~•~~•y••+ c,~ j ’ ~~~~~~~~~~ 

- (2.10)

If monochromatic radiation coefficient .~ does not depend on

wavelength (gray body), tier, as c a n  easi ly be seen, actual

temperature is eqiia l to colcr.

t )
It must be noted here that the coict tempe rature can be easily

dasigoed, if are known tfe values ci t e m p e r a t u r e  brightnes s T,1 and

t~~vk~ch correspon d to two selecte d waveli.ngtbs :
I 

~.J,,
) — i  — (A1T,~) — ’

.(2.11 

--- - - —~~~~~~~~~~~~~---~~~~~~~~
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~f we integrate the equation of Pl anck  for entire spectru m , then

let us arrive at the fcrmula of Stifena — Ec].tzuann’a law

I. (A . 7) dA — - 
(2-12) -

wh ere .=(5.6687~0.0010) .10 ’ Wj (m 2 .d eg’) . -

Page ~~~.

This formula at tb~ kncvn tem perature of absciutely black

emitt er T d makes it possible tc calculate tie value cf the specific

flux ci radiation, which is spread intc the hemisphe re abpve the

cell/Clement of surface in guesticj~..

~t is obvious that cii tasis ccrrespondi~ gly of the organized

ea.rgy measurements here also can be ccvstzucted equipment for

temperature measurements. Sc/such it is oibvlous that and the here

constructed a~ d completely calibrated according to blackbod y

instrument during use on real bodies will give -certain (now already

Mradi$tion~ T,,) tem perature.  Its or ig in  uz~derstamdable to object with

temperature T~ we attribute the prcper ties cf blackbcd y with

tesperature r~. Thus, its determinatio n is ccipnected with the

execution Cf the fcllowing equality:

(2.13)

where e — integral emiesivity factor of material , w~~ nce
(2.14)

Li
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the calculation of the actual temperature of object is feasible

culy with the knowledge of its integra l emiss i-vity factor.

We briefly examine d some principles of the application/use of a

Planc i law in pyrometry and basic concepts , characterizing noncontact

temperature measurements .  U t i l i z i n g  these pr inciples, in dustry

de velcped at present a large quantity of the most diverse measuring - U
meters and automatic devices for mcnitcruaç and controls of diverse 

. 

-

technological processes (2—3]. Far not all cf tUs arsenal can be

used 4a the practice of tieruophysical experiment, it is still less —

during the solutio n of the problems of the experimental investigation

of thermal conductivit y and temperature deEendence of resistivity.

Thus, for instance, ma jcrit) of the produced in series radiation and

photoelectric (brightness and cclor) pyrometers is designe d to

ccm paratively high size,dimensicns ci service platform of sighting

~~~~~~~~~ py~~~~iete~J
(PEP—4 — ftom 3 to 7.5 mm , 1 F ~~~~~~~~ — about 3~ mm an d sc fo r th ) .  T his

exclu des possibility frcm use for the anal ysis o f temperature fields

in the specimen/samples, usually u tiliied ir experiment. 1n many

instances it is n~t possible to recognize satisfactory and the value

o~t a basic error in these systems (1—1.5o/c Cf the upper limit of the

sub—range of measu rements).

)

The requiremen ts of temperature  m e a s u r e m e n ts dur ing  ~he study

heat— and electrical conductivity much hatter satisfy at present the

J

- 
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specimen/samples of visual pyrometers. A standard optica l pyrome ter

of the type EOP—51 makes it possible tc work with object by the

diame ter of altogether cr ly  of 0.7—C .8 ma and pr ovide the accuracy of
O2.7~ ~~ ~the •easuremeilts of the te.Eeratures : C. 1o~ c to 2 00O°C,~~ o/o to 6 C

O 00°C~~~ Precision pyrometer CP— 118 provides the accuracy of

measurements by 0.20/0 to 2 000°C and C.5o,c tc 3 000°C; minimum

dimension of its workinç area of sighting lies in the limits of

P.2—lA 5 mm . The specime njsamples of tbe SOviet micropyrometers of

types 0~P—019 OMP—054, LNP—066 sa’e it possible measure temperature

of zone up to 0.1 mm in diameter and less , prcvidung in this case the

value of basic error 1—C.5o,c with ‘variatjcns C.2—O. 3o / o .

Page 40..

thus, where it is necessary tc measure the stationary

temperature distributior with m axi m um accuracy, an d where the

size/dimen sioqs of radiating surface are very small , most reliable

instrument it is now the optical pyrometer tith the disappearing

f i lament .

Photoelectric systems sake it possible to achieve ver y high

ae4sitivity. As we will see below, this is realized in a series of

criginal compa rators of the temperatures of two objects.

C

— -_- - -
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The development of optical pyccuetty created

pr.reguisite,premises fcr the widespread irvestigaticn of 
- -

b~igh— temperature thermoelectric materials ard their calibration.

Result of works in this direction mas the iastery/adcption of a

series of thermocouples cc the basis of the ailcys of refractory

metals and com binations ci pure refractcry metals.

I—’

the data of work [2—19) it is pcssikle to speak about bhe

application/use as thermocouples of such ccihinations as tungsten —

molybd~ nua to 2 ~$00°C (in vacuum , nitrogen , iner t gases), tungsten —

niobium to 2 000°C, tungste n — rhenium to 2 50-0°C, tun gsten —

taipta lum to 3 000°C, tantalum — molyhdenu~ to 2 (400°C. The necessary

coi~dition of the reliabilit y of the operaticu cf these vapor is the -1

maintenance of s u f f i c i € r.t l y  f i n e  vacuum (a kcu t 10~~ mm Hg) , of

neutral or reducing atacspbere. 1

a

Characteristic ones for the rame d therucccuples are the

suffidiently considerable scatter cf icdivióua l calibrations and

their lcw stability at the temperatures above 2 000°C. 1

An im provement in the thermoe lectric characteristic s was

possible tc attain for the ccibinaticns of the alloy s of refractor y I
metals. Among them the çreatest popularity they now conq uered

cc.poaitions with rhenirm , in particular tb€rmcco up le V — 5o/o Re/V —
I
I

I
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200/o Re; V — lOoMo Re/V — 2Oojo Re. On the data of wotk (2—20 ) these

thermçcouples develop thermoelectrcmctive fcrce resp€ctively to 29.4

and 18.9 my with 2 000°C. In this case, t h e ir  sensitivity chan ges

H i t em .1(4.0 and 10.0 with 100°C to 11.0 and 7.0 1~~,°C at 2 000°C

respectively.

I
- 

I Ror a work in the carbcn—containizjg macia, are more effect ive

molybdenu m fusi ons with rhen ium.  Nc lybd en nm w i l l  be carbidized less

activOly, than tungsten. The sensitivity of the thermocouples of this

grcup is less (2—21 , 2—22]. Its maximum values are reached for

tberaçcouple Mo — 200/0 be/Ro — 50o,o be; during changes in the

temperature from 100 to 1 800°C, the sensitivity changes from 10.0 to

4.8 p V,i°C with absolute valtes theraoelectrcuotive force 1.0 and 15.5
Iv.

thermocouples from refractory metals made it possibiC to raise

upper temperature boundary of thermoe].ect,ric method in comparison

with the group of thermcccuples frcm noble metals.

J~f the platinum -platinum—r hodium th eticcoup les  ci types PR 10/0

PR 3016 in connection with the concitic~s of the rm ophysic a l

investigations can be utilized to 1500— 160C°c (oxidizing and neutral

me dia), then, let us sa’, the examined tungsten—rheniu m thermocouples

can be used to 2000—250C°C.

-- -.- ——-~~ ~~~~~~-~~- -——— - - - -~~~~~~~
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Rowever , in t~ e ma~ori-ty of the cases, these thermocouples

cainot be used. So, the reliable measureme nt ci the temperature

distribution in specimen/sample is possible, strictly speaking, oq].y

duriap the conc].usion/denivaticn of thetmo—electrode lead/ducts along

isothermal surfaces. Under these conditions is recessary ~ he

suffiCiently reliable electrical insulation of separate electrodes of

oae frcm another and f t c .  spe cime v~ saip]e.

Page 41.

Operating temperatures ci mastered at presert insulati ng ceramics are

1~ iit*d by following value s [.2—23 ); oxide of alu.i~u, of 1900—1950

°C,, oxide of magnesium cf 1 800— 1 900°C, oxi de of beryl l iu m of

19 Q 0°C , nitride of boron of 2 00 0— 2 2 0 0°C .  Thus, on th e level of

maximum temperatures tbermcele ctric method can.nct compete with

optical pyrometry. It is ncticeably inferjcz tc it, al so, on accurac y

(~n ccnparison with the best optical pyrometers), an d on measu remen t

accuracy.

An essential deficiency/ lack in the the rmocouple  measurements is

the possibility of contemimating the specim€n,sa.ple by the

impunity/aduixtures of thenmo- electrode materials and insu lating
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cèramjcs. Contamination especially grow,rises it connection with the

increase of the chemical activity Cf aatenicls isith the increase of

tempesature. Upon the setting cf the high -tempe rature precision

investigations of thermal ccndvctivit y acid electrical resistance,

with the exception/eliuinaticn of the special cases, it follow s,

un doubtedly to give preference to the noqccntact methods of optical

pytcm*try.

2—2 . Simulation absolute cf b lac kb cdy.

I

As it was shown in the preceding/previcus paragraph, the

definition of the field of actual temperatures according to the

results of the measurements by the cpticai pyrometer s requires in the

general case of the knowledge of t h e  correspcnding values of

ra4ia*ion coefficients, or as thea frequently are called, emissivity

• factors of the objects being investigated. The values of these A

values, on one han d, are the functic n of the physical properties of

the material being investigated , a;d cc the  ctbet band — depend on

the cqnditions of energy and physicochemica.l interaction of body with

the environment, and therefore are ipct defined . Natura l in this

s~ tuation is the tendency tc utilize simulatica qt blackbody in the

liiit*d three—dime nsional/space acne of object. It goes withou t

• saying tha t in this case appears the prcblem , ccipnected with the

unavoidable disturtance,perturtaticn cf the temperature field of

1

I.-
II

(
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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ob ject, wh ich depends op the type cf the used model.

IIt is known that  the opt imum versicn ci t h e  model of blackbody

is th. isothermal spher ical  cavity, which has eyelet for  a rad iation I
yield~ Emission/radiation of this opening/aperture the nearer to

black, the greater the ratio of the diametEr of sphere to the

diameter of opening/aperture. Small boti~~ in the wall of the long 1.
evenly heated duc t good appzoach/approzi.maticn also with simulates

absoletely uoq—machined surface. It this ease also effective

emissivity factor of ca vity the nearer to cue, th e  greater the

relation of the diameters of duct and boring in its mall.
.i-)

jt metallic plate is bent at sharp aegle, then at sufficiently -
~~

smaU angle of radiatio n, which emerges from it, also approaches

biackA The named models are examined iq sufficient detail in

mo~ogvaph Ribe [2—1) and it many ctber works (~ —17, 2— 18]. We do not

e1xa.ia€ them in detail cm the stre~ gth cf th e  tact that during the

splut~ on of the discuss d ii the bock que ’sticps they are prove d to be

uasuitabla.

U
Buri!~g the measure•ents of the temperature distributions in the

spicimen/samples being investigate d th e sole suitable model of 1)

blackbody render/s~ioved half—open cylindrical cavity wit h the

sufficiently large ratio of depth 1 to diameter  I. tt  is maximal ly
4

— — - — — •~—~~~~.-. ~~~~~~~~~~ - ~__~Ili
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simple in prod uction, i n t r o duce d b y it distur t ances in to the

distribution of temperatures and heat flu*es can be brought to small

corrections.

Page 42.

Pii~ally, whi ch is conplete ly  substan tial, the r a d iat ion

- - characteristics of this model yield sufficiently to precise numerical -

determination, We will not here set forth the essences of different

methods, utilized durinS calculations ct this icdel. Let us examine

c~ ly *cme results, most important virtually.

Before discussing the quantit ative data , has sense emphasizing

- I sose special feature/peculiarities cf the radiatio; properties of

this model.. Its schematic is represented in Pig. 2—1. Let us assume

- 
- that the initial material is characterized h~y intensity djstribution

of em4ssion/radiation according to the directicrs, presented b y

curved 3 (metals). hemi sphere 1 there will he to correspond to the

angular distribution cf  intensity for the tlackbody, which has the

same tempe ratures. The emissiop/raciaticz~ ct sufficiently deep cavity 
-

will be depicted as curved 2.

Flux of radiation ircm the cell/elemelts cf the lateral surface

di,, caught into the bottci of cavity, w ill he par tia ll y reflected

L
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will here and supp lement the intri;sic emissicn of the bottom in the

diEection ci outlet to the values, wi thin l imi t whic h co rr espond to

black body radiaticn.

Thereby the surface of the spa tial dis tr i b u tion of the in tensity

of emjssion/radiation w i t h i n  the  l i m i t s  of scu d angle Q approaches a

hemisphere of blackbody. Hobever, beyon d the limits of this angle,

the intensity of eaissicn/radiatio p sharply falls, str iving for zero

at the angles, close to t/2. Thus, the eajssicn,radiation~ which

emerge s from the opening/aperture of cyl i nd r i ca l  model , does not obey -

th. law of Lambert .

In connection with this total energy flux ci the

opening/aperture is lesser than the flcw of hemispheric blackbody

radiation (2—~1, 2—5]. The overall consideration s force on to assume

the essent ial depen dence of overal l va lue ar d t he spatial

distr;bution Qf radiant fluxes , w hich emerge ftcm ca vity, from the

gecmetty of bottom and character of emissicn,radietion and reflection

of the surfaces of cavity. So, for the flat mirror reflecting bottom

it follows, it is proba ble, to expect dip in a curve 2 near the axis

of cavity to curve~ 3, since mc ray/team inc a lateral surtace with

mirror reflection in the plane of the b o t t c m  will give com ponent in

dJr ec~ ion standard,  

—-—. __
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Finally, in connec t ioq with a change in thu illuminat ion,

created by some elementary team depending on distance of the

irradiated surface, one should in the gei~eral case assume the

brightness to be variable or entire surface of cavity, including a

radius of the bottom .

thus, the overall consideraticns speak abo ut a series of the

fun damental iqadequacies of the discussed mode l of blackbpdy.

Bonever, in work with the  pyrometers , r e c e iv i n g  radiant  f lux w i t h i n

the l~ mits of the very l im i t e d so lid  angle in the direction of the

ap is ci channel, these inadequacies are -not deciding.. 
-
~~~

‘I

ii
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Pig. 2— 1 . Schematic of th e cylindrical mod e l of blackbody~ 1 — - -

angular distribution of the intens ity of b lac kb ody; 2 — the same for

emission/radiation from the opening/aperture of cavity ; 3 — the same 
-

for the exposed surface of the material of cavity. -

Page 43.

I

Let us assume that all the surfaces of cavity are gray ones and emit

and they reflect diffuse. Under these assuipticis the cavity of -

fiijite length with the flat bottom ~as examine d alread y in the work -

by Budkley (2—6]. However , rse in this work ci a series of the 
-

kncwingly rough conditions forced to late.I.~ investigate this task

anew. The tasic sources of errcr in wor k [~~— 6) were assumptions about 
-

unifosm density distributicn of emissiQn/nadiaticn according to the

bottom of ca vity and the  use of a p p r o x i m a t e  va lues  of angm lar

coeffjcients. The errors indicate d exclude~! Spa r row , after giving the

exact sol.utio; of task [2—fl. the obtained in this work values of
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effective emiss iv i ty  for  the  central aqd peripheral pOints of the

flat bctto . depending on emissivity factor of t h e  material of cavity

and relative depth L/R are represented i-n lable 2-1.

The analysis of the data cf lable 2—1 sh o b s  the noticeable

change in the emissivit) iq a r a d in s  of t h e  kottcm , whic h is

especially amplified during the decrease of eIiEsivity factor and

relative depth of cav i ty .  The character  of t h i s  change , can be judged

ftc. Ri g. 2—2 , where  by dotted lines the  represented radia l

distribution of effective emissivity when a~oa ottained by Sparrows

(2—7].~

The values of the initial date , used in precise job estimates

(2— 7 ]~ do not f i r  exhau s t  m a n y  p r ac t i ca l ly  i m p o r t a n t  cases . For

metals value . can lescend to 0.1 and less. The necessary

calcuhations for low, values s are made i; wcrks (2—8, 2— 9].

---

~
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fa ble 2— 1. £ffec t ive  emissivi ty  of the t ia t  b ot tcm of the cylindrical

model ct blackbcdp.
________ — 

~ O,9 
— 

~~~O.75 s
~~O•5LIR -_______ ______ _______ _______ ______________

—__

r~ O r R  r..O r~ R r..$

8 0,9984 0 ,9986 0 , 9956 0.99975 0 ,9880 0,98876 — — — — 0 ,9768 0 97934 0,9936 0,9945 0,9815 0.9842 0 ,9460 0,9540
2 0,9765 0,9848 0.9389 0 .9553 0,8394 0,8776I 0,S482 0.9708 0 .8626 0.9180 0.6878 0 79140.5 0.9191 0,9602 0,7937 0,8904 0.5693 0, 7317

~‘ ‘~- _

— -

>3 /

Ut~~~~ -~~~~~~~
/

~~~

— ~~~~~~~ .~~

• /
______M I —

-
~~~~~~~ 

pI

• a’ a’
— : Hg. 2—2. Chaqge of effective emissivity of bottom of cylindrica l

cavity for diffuse (dotted line) and that iixud (solid line)

refleCtions in cavity in [2—7, 2—10]. 1 — l.,,D=O.25; 2 — VD~0.5: 3 
—

I
t/D 10 ; 13 — L/D 2.0 ; 5 — L/0 4.0.

Page 44.

Ii the first of them, the calculations are li*isted to comparatively

L _
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shaU~ w cavities (L/P~4), w hich do not ensure a suffic ient degree of

appro;imation to blackbcd y. The secopd worA contains the thorough

examination of the wider circle of relative depths, includ ing those

that already can he utilized in practical icdels. The results of

these calculations are g iven in ~akie 2—2..
4

Civen in table 2—2 data are acquired under the assumption , that 4

it is possible to d isre gar d the de pendence of t~ e effe ct ive

em-issjvity of cylindrical walls on the emission/radiation of the

bottca. On the error, cause d b y t h i s  a s sumpt i cn ,  it is possible to

judge, by comparing the data of twc takies with some values of

determ ining parameters and L/li. It is pcssible to assume that the

ertor bill be most noticeal le with mi n im u m relative depths and small

s. with the large ones 1/B (>6—8) the reliahility of the data of work

(2— 9] is not worse than 1-2o/o.

As has alread y been indic ated , essential effect on the values of

the lçcal values of effective emissivity in plane is exerted the

character of emission/radiatic u and reflection and the gepietry of

the bqttom . Given above data are related tc diffuse character and

refleotioq, an d emissio r,’racia tion. Por ma ny materials characteristic

is the presence of mirrct ccmp cnent in the emission/radiation

reflected. The important ccm bined versic~ e~aaiaed S. P. Rusin (2—10 ,

2-11]s The flat bottom of cavity i~ its task reflect s, and it emits

~ 

— — — 
~~~~~~~~~ ~~~~~~~~~~~~~~~~~ — -- -~~
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d i f fu se, lateral surface emits diffuse, aa~ it reflects mirror. The

results of its calculations are represente d in Fig. ~~ 2—2 by solid

lii~es,i It is evident that  the appearance  of mir r or reflect ion

noticeably decreases effective emissivity . Per the wider value -of S.

P. Rusin’s parameters,, • it proposes tc atilize the

re let jonsh ipjr atio

wh ere , and •, — emitting characteristics cf tctton and lateral

surface of cavity, but coefficient A de pends on e and L,FR. Values A

are g;ven in ~table 2—3.

The case with the cciipletely mirror retlectien of surface in

cavity with the conical bottom examined V. k. Listovnichiy (2—12]. 

— - - r -~-- -~ -- -———.--- ___ _
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lable 2—2. Effective emissivity of central section (r= 0) of the flat

bottom of the cylindrical acdel of blackbpdy •n (2—9].
L/ R 

_______

I 2 4 8 tO 12

0. 1 0.234 0 .424 0 , 748 0,894 0 , 950 0.974 0,984
0, 2 0,392 0, 607 0, 858 0, 943 0, 972 0.985 0,990
0,3 0 ,515 0 ,737 0,9 11 0,962 0 , 981 0,989 0,993
0.4 0.613 0,790 0.933 0.973 0,986 0,99 1 0.994
0,5 0,696 0,846 0 .952 0 .980 0 ,990 0,994 0.996

Page $5~

The values of the relative depth L/R , necessary for obtaining e..’-0,99,

depend ing on the emissi~ ity of the walls of cavity are represented in

Pig. 2—3. Figure it demons t r a t e s , i-hat  the increase of the expansion

angle cf cone in the case of mirror reflect icn in cavity is connected

wit h an increase in the min imally reces sar~ depth of cavity.

The given results c r ea t e  tasis icr the ccrrect construction of

the cylindrica l model of blackhody.

Bar each concrete/specific/actual obiect c~ the basis even of

qual i ta t ive  discussions abc r t  t t e  c h a r a c t er  of its emission/radiation

and reflection, it is possikle to correctly rate~esti.ate the

necessary size/dimensio ns cf cavity , which ~uarantee obtaining the

specific values of ef fec t ive euissivit~. In this case, one ought not

to forget that, af ter using one or another t~ e method of producing 
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the pyrometric channel, we cver wi de limits can change the

relationship/ratio between diffuse and minict reflection in cavity

and the value of the emissivity of its balls.

~re interesting the data cn the overall flcv valu e o~ energy,

lost by cavity into the suricunding space~

After relating this f lcw tc the appropria te energ y of

hemispheric blackbcdy radiatio*, we can speak akoat the effective 
-

em issivity of the opening/aperture of cav3.t ,~ ~ •. For a rnaber of

conditions, this value ~as accurately designed in work (2—7 ] .  The

results of this calculaticn are given in ‘lakle 2—14. 4

L 
~~~~ _ _ _ _ _
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‘(able 2—3. Dependence of coeff,icaejt A c.o tte characteristics of

cavi ty .  
____

Lu
a, 

o.~ f I 2 4 8

0,5 0,2169 0, 5633 1 .0029 1 ,4057 1 , 7192
0,75 0,2075 0,527M 0,8869 1 ,1302 1 ,2597
0,9 0,2028 0 , 5104 0,8322 1. 0093 1 ,0801

I (4~~~~~~ S S

P~iq.. 2—3. Talues of relative depth of cavity h=L/R, nece ssary for

ptovision e..~~0,99, depending on emissivity of material (2—12]. 1 —

conical bottom with ape x angle 0.667 w , reflection is mirtor ; 2 — the }
sa me, but with angle of 0.581 i; 3 — flat bottcm in cavity wit h the

j
diffuse character of emissicn/r adia-t iox~ and reflecticn.

Page 16..

The depelidence of this characteristic cn the type of reflection

it is possible to illustrate by Fig. 2—14, nr dertaken from work (2— 14].
)

If in the case of diffuse refl€ctic~ the increase of the total

energy, lost from cavity, sufficientl y rapicly decelerates vit h

increase L/R, then with the mirro r reflecticip of this phenomenon it
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is not observed. Energy ccxptent , Lcst by cav i ty, continues armys,

also, with the lar ge ones L,’B.

Everythii g said above was related to isctherial cav ibies. In )

practice frequently it is necessar y to deal with the presence of one

or the other type of the tempe rature distritutic~ alcug cavity. From

overall considerations it is clear that tTh E decrease of temperature

from the bottom of outlet m ust decrease the effective enissivity of

the bQttom and, on the contrary, the temperature rise must Lea d to an

iqcrease in the energy f l ow  f r cn  the bcttç m bec ause of the increase

of the part of the radiation reflected. In this case with ratio of

sp.ci~ic radiation to blackbody raciaticn with the tem perature of the

bottcm, are possible the values of euissivity factor, wh iCh excee d 3

CDI.

~uantitative estimations are comp lete]y pcssible within the

fram evcrk cf the calculated methods , used also for isothermal

cavit4es C 2—7, 2—11). The necessary calculaticip s were made Sparrows

(2~ 14), Pivi [2—8), by 5. P. Rusin ( 2—10, ~— 1t, 2—IS ] and other
works, for example (2—16].

)

~n the case of a linear decre ase in t h e  temperatu re along the

length of the cylindrical sntface cf cavit y frcm the bottom to

opening/aperture in wor k (2—10) is propose d tc estimate the maximum

I

~1
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permissible nonisothermicity by the effect of a reduct ion in the

effective emissi’vity of the bottom of cav ity to values not lower t han

0.98. Eeing assigned by this value e~~~S. P. BUsi; (2 10] it

calcukated the limiting value cf the oce f f ic ient  of nonisothermicity

m (T~(0)—T (L/D) ] /1( 0) depending ci the type of reflection and val ue

cf the eaissivity of the material cf cavit~ ~. The obtained results

tot L/E=8 are represented it Pig. 2-5.

H

:)

-3

)

J

- -— - _ c_ ~~~~~
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4~able 2—4..- Effective hemispheric evissivity of cylindr ical cav ity on

the data of work (2—7] (overal l heat loses. lb. bottom flat/plane,

refleótion is diffuse. -

L/R

0,5 0,5569 0.8491 0.9434 4 0.8331 0,9308 0 9746
1 0,7424 0,8948 0,9618 6 0,8359 — —
2 0,8084 0,9229 0,9120 8 0,8367 0,9317 0.9749

— 
~~~~

~~~~~ ~~~~~ —: ~~~~~

t~5 ~~—“ —

- -
-- —

. — —

4d, Lf_ ~~~ — .._._

(1~~~ 
: -- -

- * ~~~— 1 -IA-— ~~~ 
•

1

Pig. 2—14. Effectiv e hemispheric eiiissivity cf c pening/aperture of

cavitj ( 2 — 4 ]  for diffuse (sclid lin€s) and u i r r c r  (dotted line)

reflections.

Page 47.

with the increase cf evissivity factor without damage for the

accuracy of temperature measurements , we can allowya ssuae the high

value Cf temperature drcps alcng cavity. The effect of mirror

refleCtion on lateral scriace noticeabl y decreases the petmissible

degree of the nonisothenmicity of cavity. 

-, ~ - - ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -
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The case of the parabclic temperature distribution along the

leugth of cavity is examine d iii works (2—11 , 2— 16]. The temperature

distrjbution is here assigned hy the fu~~ticm of the form

T8~~~T.+g. _ 7 ,)( l  —ilL)’,
)

where T~— temperature cf the bottcu of cavity (y=L) ; 10 —

tempe nature at y=a.

The value of noniscthermicit y is determine d by coefficient of k

where C~ — constant of Plarck law; A — vavelength, for which )

is conducted the examination. Assuming emission,radiat ion and

refleCtion diffuse , it is pcssib].e to calculate the va lue of a change

in the effective e.issiuity of the f l a t  b o t t c a  of ca vity with respect 3

tc isçtheraal version dais. %. Tb. results of such calcu lations according
)

to of work (2—16] gives to Pig. 2-6. on fiçt.re ft is possible to

trace the character of the effec t cf the relative dept h L,&IR on the

value of the  nonisotheri lci ty:  the deeper the c a v i t y ,  the the large

the d~ fferancq in the tempe ratures on it -me can allow without

increasing the error for temperature measur ements.

- - Thus, it is possib~Ie to state/estahljsh that the cyl*ndrical

model Cf blackbody is subjected at present sufficiently to detailed

~~.dy,P which mak.e it possible if necessax~ tg estimate the

qsantjtativ. th. accuracy .1 tempe rature acasuzessits.
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H

Pig. 2-5. Dependence of the permissible coetficient of

nc~isqther.icity on emissivity factor of tte m a t e r i a l  of ctavity. — — —  
3

— entire/all surface of cavity diffuse reflects and emits; — —
• bottcm of cavity reflects and emits diffuse, on lateral surface the

reflection is mir ror .

Fig. 2—6. Relative change of effec tive eaissi ,ity of cy lin drical

cavity in dependence on its nonisotheruicit) (2—16] (emissivit y 3
factow of material of cavity ~~~~

Page 48.

2—3. Specific character of the measurement s Cf a difference in the

temperatures.

The accuracy of experimental ca ta in thermal comduc tiv ity is

direct—connected with the accuracy of the determination of a

diffesence in temperatures cr local value cf temperatu re gradient.

Ii
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The values of these values cam be obtained 24 two ways: either by

subtraction of one of another consecutive readings of the measuring

meters , wh ich determine tbe absciute value cf tempe rature or by the

direct measurement of a difference in the temperatures in two points

of object with the aid Cf Epecial devices~ Cu r i n g  the measuremen t of

small temperature drops In the advaqtag€ of alternate path, are

obvious. However, in connec tion with the fact that in many

investigations by only instrument for measuring the high temperatures

is the optical pyrometer , one shou ld examine pcssibilities and the

fiitst direction.

At present during the deterai;aticn of thermal conductivity for

the aeasure.eDts of a difference ir the tem~ era tures in the range of

1500—3000°K, widely are applie d pyrcueters mith the disappearing

filament. During the estimation of the acduracy of such measurements,

o~e should take into attegticn only the part çf the basic error in 
C

this pyrom eter, since in wcrk of ope and the sa.e observer with one

and the same pyrometer, the measurem ents pf the filament current of

the flia ment of pyrometric bul b one and the same electrical measuring

instrument a considerable number of erxcrs , acccaulated in the

process of the calibration cf stancards and instrument itself,

- 
I acquires the character Cf the systematic erict , which does not affec t

the adcuracy of the measurements of a difference in the temperatures.

8asic error characterizes tie possible amounts of deflection of

—_  ~~~~~
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readinçs of th i s  i n s t r um e n t  f r c m  t ie  r e a d i n g s  bhich would correspond

to inte rna t iona l  t b e rn o i e t t i c  scale . I~ the case of the evaluation of

the aCcuracy of the meascrement s of a difference in the temperatures,

one should operate fast c w i t h  a variation in the inst ru me nt. The

value of the latter first of all is determined hy the accuracy of

photometric compensation, which deEends or the contrast sensibility

cf human eye and perfecticu of the optical system of pyrom eter.

The error for the sing le cc mpe nsa tion cf brightness can be

designed on the formula s cf W~e’~r~.

~T1 (2.15)

where AT — absolute value cf the error , cause d by the inaCcurate

ccipersa ticn of brightness , °K; T — temper ctur€ cf objec t, °K; —

etfective wavelength of p~ rcmeter , pm ; c2=1A 38~ pa.deg — constant of

planck’s formula; H — brightness, calculated frem the formula

T)V(?~, T)IL (2.16)

~n formula (2—16) l=O.C0 1602 ~,/lm — the lumen equ ivalent; t ( X ,

T) -- spectral intensity, Vp~, T) — the spectral sensitivit y of eye.

Talue AH/ H in f o r m u l a  (2— 15) is connected wit h the presence of

the thre sh c ld of the contrast sensibility ci human eye.1Psge ~$9.

It was repeatedly studied by different researchers, beginning

— - . . -  
~ -:~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -
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appto~i.ately since 1900 Ritaud [2—1] it estimates by its value less

than C.5o/o. Data, obtained i~ 1951 by Ruler and Schneider (2— 24],

mahe 4t possible to assert that values ~li/~~ 1.5—2o/o correspond

extremely to the unfavorable conditions of Experiment (to low field

Cf V~~CW , experimenter’s fatiguej .

For the best pyrometers (types EOb— 51 , CP—48) value aU/H is 3
within the limits by O..2—O.4o/o, fcr laboratory pyrometers (a.ong

cther things of micropyrometers) O.5—0.eo/c.

*

The values indicated ccrrespold to aeasure.ents on the
3isctheraal pads under ccnditions when t~e width of image exceeds

width of the filament of [ytomEter not Iesr tha r 2.5—3 times.

Taking value AH/H=C.5o,o, we will cbtait, fcc example, during

tb. aeasure.ei~t of temEerature differeotials of 1O0°~ err~t because

of inaccurate photo.etr~c measurement , epial tc —0.3o/o at mean

tea~erature of 1200°K, —0.60/0 with 1 7COOR , —2.50/0 wit h 3300°K.

The specific value of the randc. error during the measurements

cf a difference in the temçeratures can be ccn~ected with a variation

in utilized electric measuring instrument, Ibe greatest aCcuracy is

reached during the use cf ccmpensation metbcds Cf measmriag the

operating current of pyrcietric lamp.
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(he correspon ding error can be designed but to the fpr.ula

dT Li .2(2.17)

where i — a value of the current of pyrcmitric lamp; dT/di —
corresponding slope/inclination calihratio~ curve ?(i) ; Li/i —

)
relative error of measurement of cvrrei~t.

Sc, in the work of the pyrometer of 0E—48 ~aired with the

potentiometer of Pt~S— 148 error ~~ can reach 0.E°~( at the temperature

of 1 200°K, 0.5°Lc with 1 700°K and 2°K with .3 3Q0°K. The contribution

of this error lead s to the increase of an error of measurement of
3

temperature drop. In our example the •eaaureie.n t by the pyrometer of

OP—48 cf jump/d rop in L~~ 1CC°I~ will te Exectted with error —0.9o/o at

mean temperature of 1200°K , —0.80/c with 1 ?00° 1~, —3.20/c with

3~3 000 ~~~_

~n experiment in maasurement cf thermal ccnductivit y,~ this error

will cause the appropriate error is the un ksovv value.

Above we examined the idealized schematic cf experiment. Under

actual conditions d u r i n ç  t F e  ir ’v es t iga t i on  ~ y t he  pyro mete rs of

temp er ature  fields about the  isc th€rmici t y of the area/s it e of

sight ing,  it is pqssible to speak c r ly  to the  r cugh appr ox imat ion .
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The puesence of temperature gradient im~ed€~ the work of pbserver and

is the supplementary source of errcr. Let u~ aaawme that the

tempe rature field for the objective is one—dime nsional , and the

working section of the filament of pyrometric lamp is oriented in

parallel to isothermal sections. T ie  value cf lumi nance difference

tbteshcld of the image cf object from that and cther of sides of

fi lament the great er , th e  greater  its w i d t h  and the gradient of

te m peratures.

If th is diffenence does not exceed t h e  va lue  of contrast

threshcld of human eye Liii. t h e n  ex~ e r imente r  can obser ve the complete
I

disappearance of f i lament .

.1)
Page SO. -

I’

The l imi t ing  value of t e m p e r a t u r e  gradie 1~t , w h i c h  Corr es ponds to this

case, can be designed o~ the obvicu ril.ticnsbi.p/tatio

(2.18)

where 6 — widt h of the f i l a m e n t  of pyrometer ;  k — coefficient of an

increase in the objectiie of p y r o m e t er .  W i t h  t F~ h igh  grad ients of
U

measuring, condition they deterior ate. Appears the s i tuat ion dur ing

which it is not pqssible tc cht a i n  the com[lete  disappea ra nce of the

measur ing section of f i l amen t,  W i t h  a su f f i c i en t ly  great increase and
I ~the high resolution of ccular system , it js [C&Sible to realize
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disappearance of one of the boundaries , filamests; however , the A

~~curacy of photometric measurement in th~~ case will be noticeably

worse As is known (2— 1, 2 — 2 ] .  the high acc~racy of photometric

measurement is realized in that case if m ace sizes cf the object of (

coistant brightness 2—3 times exceed tie width cf fila ment. A

guestlcn concerning the appropriate errors for ucnisct her.al

condit io ns at present is not v i r t u a l l y  stud ied .

m e  of effective means of the increase of the accuracy of the

aeasuremeqts of small differences in the tem~ezatures is the use of

phctoelectric receivers. The possibilities cf the corresponding

measuring circuits can be illustrated based cu the exa mple of

cbjective photoelectric installaticD of the t,Ee SPIc [2—26 ),

develçped for the calibration of standard temperature lamps at

different wavelengths. ftc cp t ica l  diagra m cf this installation is

represented in Fig. 2—7. The lumincus flux LEOn the compared sources

of liØt (for example , te.perature lamps) pa sses the prism of

odulAtor and alternately through the .iCqOckEciatOr it falls to the

ph~ctoQlectric cathode of photoelectronic factor. As modu lator is

utilized the small prism , fasten/strengthened tc the oscillating

str in~. I~ free position it guides tc mcnockrc .ator the half of each

cf the compared luminous fluxes. The displaceme n t of prism changes

the rClationship/ratio between flows, leavin g, howe ver, the value of

the tctal flow (with equality the brightness of sources) of
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cc;stant/mnvariable. Thu s , under cc~ ditious of t he  eve ned brightness

the luminous flux, which reaches ?fU , does cot exper ience/test

oscillations in time. In t i e  case Cf their  i nequa l i t y ,  appe ars the

variable component of photo c u r r e n t , which  is a mp l i f i e d by electronic

ci rcui t , it is isol ated fr c .  i n t e r f e r ences  and  it enters the

indicator. The a m p l i t u d e  of a lt e rn a t i og ,v ax i a b l e  signa l is

proportional to luminance d i tfq rence  thre sbcld  Ct the compared

sources. Experience in cperation of s imi la r  ins ta l la ti on s shoved t hat

the value threshol d of r espcnse f o r  t h e m  is w i t h i n  the limits of

G.02—O. 05 °K iq the regici of the  spect r um f r c m  C. l~7 to I am wi th  the

pazsband of 0.01—O.05°K in the region of the spectrum from 0.~l7 to I

~m at passband 0.01—0.03 n and the temperature of the emitter of 1 ~~~~

~~
— This by an order is higher than the sensitivity of the best

cptic*l pyrcmeters.

___________________________________________— - 
_ ,

~
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Fig. 2—7. Simpl ified op t i ca l  d iag ram of the  in s ta l l a t ion  of SPK. 1 —

tempe rature lamps ; 2 — cbj ect/objective e x t e r n a l  optics; 3 —
diaphragm; 4 — reflecting prisms; 5 — prism of modulat or; 6 — The
entrance slit; 7 — objectives Cf mcn cch coaatoc ; 8 — pr ism of

.oqcchroma tor; 9 — exit slit; 10 — lens; 11 — piotomultiph ier.

Page 51.

Ih as, the application/m e of p~otoelectric receivers in devices

fcr  measuring the d i f fer ences  in the temperatures fot the objectives

takes it possible to s u t s ta ct i a l ly  raise th e  accuracy of these

measurements.

Infortunatel? ,  these possibilities are u sed far  not dompletely.

The specimen/ samples of phc toe l ec tr i c  h r i g b tn e s s  and color
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py rometers , prod uced in series , are  i nt end ec  in essence for

techn~ logical mo n i tor ing  aid due  tc  the h i g h  irdices of sighting and

cc.paratively low accuracy cannot he used fcr studying the

temperatur e fields in small speciien,samples. This forces researchers

tc develop/process its de~ ices.

Sc, by L. P. Filippcv and Tu. N. Simprcvoy (2—27) is described

the d~ fferential pyrometer , created specially fcr measurin g small

temperature differences in wire specimen/samples . Uere, just as in

CPK , the ccmpared lumincus fluxes alternately through the modulator

fall tc one a~d the same pbctc .ultiplier. bcwever , unlike OPK ,

reduct ion of one of the luminous fluxes in d i f f e ren t i a l  pyrometer is

ccmdud ted with the aid of the photcmetnic wedge by the

preservation/retentiofl/Iaifltaining of temperature for the objective

cf ccnsta~ t/ iqvariable .  C h a r g i n g  t ie  p~ sitic~ of th e opt ical

compensator (wedge) , it is possible tc make eve r the lumin ous fluxes;

with this variable comp cnent of phcto current will have minimum value

(for an ideal schematic — equal tc zerO). Ibe urknow n difference in

the ttpperatures can be directly ccunte d off according to the scale

of wedge. If the temperature of supporting,reterence source is fixed

and equal to T0, but the displacement cf the wedge, counted off from

positjon, by wh ich T=T0, is equal to x, then tie sensitivity of

measuming circuit can be designed CD the Icriula

(~ ),.... ~~~~~ -
. (2.19)
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v~ere a — constant of wedge; v — emission frequency .

The threshold of rcspc;se cf this differertial pyrometer

11./rests within limits of LO~—C .O8°r.

The h igh  sensi t ivi ty  of the systems described abo ve is connected

with the application/use of the null method by which photo—detector

performs only the role cf null indicator, recording equality the

luminpus fluxes with phctcelectric cathode. In this case , the

instability of photoreceiver itself, tIe for. cf its characteristic

are proved to be unessertial.

The sufficiently high accuracy cf the .easmremett s of a

difference in the temperatures can be reached also in the systems,

instituted on amplificaticn and measurement of a difference in the

photo currents, wh ich ccrrespond tc different luminous flu xes.

So, N. Frashovyak and I. Takzanovskiy (2— 2€J by this method

during the measurement of temperature fields cc cathodes obtained

accuricy of ±0.13° at mean temperature cf cathode of approximately 1O6i~K~.

~~~~
— In this case, it must be noted , that the area/site of

photometric measurement ccmposed value apprczimately 7.20.10 ’ •.~
which is inaccessible fcr a visual optical pyrcmeter..
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m e  of v i r t u a l l y  i n e r t i a — f r e e  p h o t c e l ec tn i c  pic ku ps , in

partidular photocells and photcmultipliers , it makes it possible tc

cc~struct systems for measuring the teiperatrre distributions for the

cbj ectives. As an example it is possible te give the measuring

circuit of temperature field , develope d by Pagdeburg (2—29).
I

Page 52.

At its basis lie/rests the idea of one—coordinate scanning .

E.issicn/radiatio; from the object (Pig. 2—h) being investigated is

beade d by mirror for the objective of optical systea. In image plane,

is loCated the target/purpose C.i ii i~ wide , that isolates the zone

cf php t cmetr i c  measu remen t .  The em i s s icn/ r a d i a t icn , passed through

the slot , with  the aid of lens is beaded  t h L c u g h  t he  int er ference

filter for the photoelectric cathode of phctcmultiplier. ihe signa l

Cf the latter is supplied tc oscillograph. Plat~ plane mirror rotates

by synchronous motor. Thus , optical syste. realizes a periodic survey

of an entire picture of temperature diztribLtic ; in specimen/sample.

the rçtation of engine is connected with ti€ bcnizontal sweep of

cacillcgraph. The picture, which appears om cscilloscope face,

corresponds to density distnibuticr cf emjssicn ,’radiatio n along the

coordjnate of object being investigated. lie vertica l displacement of

elqctron beam in this schematic is proporti onal to the radiant

deisity of the cell/element of surface which at give n torque/moment

4
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is reflect/represented cn slot. ThE ca lcula t ici  of tem perature

divergences is conducte d c~ thE basis cf t~ € eqvation of ’i~i e1i (under

the aSsumption of the linear dependence o~ pb a bc current on the

ltmin~us flux). eomaunicaticn/connecticr betwee; a relative change in

photo current dI/l and a relative change i~
, temperature dI/T can be 

-

expressed by the equaticn , analogous to aquatic; (2— 15).

j

Por wavelengt l* A= 0. 6  pm , use d in wor k , va lue

vary •cnotcnically from 24 . C with 1 000°k tG 8 wit h 3 000 E, which

prcvides the sufficiently high sensitivit y ~f schematic.

I

)1

)i
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rig. 2—8. Schematic of the scanning pyrometer cf Nagde burg (2— 29]. 1

— cscil].ograph ; 2 — photc.ultiplier; 3 — iqterference filter ; 4 —
cbjective; 5 — slot; 6 — objective;  7 — rotating mirror; 8 — object.
Page 53.

Investigation of temperature tracks by photcgrapbic iethcds.
1)

~n a number of the practically important cases for the

investigation of the temperature d istnibuticn is specimen/sample, can

he usCd photographic method. Tie photograph of the radiating object

makes it possible to fix oi film temperature field in the form of the

field of blackening. The quantitative irvestigatios øf the latter

does oct represent at present difficulties. It is possible to
t~F tIE

call/name for an example series •icrcpbctometerE a~ —2 , u.S—I s, which

ma ke 4t possible with sufficient high accuracy to measure the local

values of optical density cr coefficients ci the transmission of the

revealed photographic emulsion.
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At the basis of the idea ct p hetcpyrcmeter , lie/rests the

assumption about existence to sinjie—valu ec ccnnecticn between the

value gf blackening of phctcemu lsic; and by the temperat ure

brightness of the photoçrapted cbject. ~or clarifying the conditions,

umder whic h this ccnnection may be realize d , let us examine the

photometric properties cf pbotc~ raph ic fih . and energy

relaticnsh ip,ratios in the light beams , which fcnm image.

the optical density Cf negative is called the lcgar ithm of the

values reciprocal to the ccEfficiej~t ci transmission v , i.e.,

~ _L, (2.20)

where y=I/1~ ; 10 — intensity of the falliog,incident to film luminous

flux; I — intensivnost6 prowedwego svetcvogc potoka.

eptical density depends cu E X p O S U r E  I i = E t , where E — an image

illumination , and t — a h o l d i n g  time. TIe characterist ic for m of this

dependence is represented in Fig. t~~ 2.9. study curved makes it

possible to isolate three characteristic sccticrs : the range of

umd erexposur es  ].g H<lg H... t ie range of n o r m a l  exposure s lg H..<I~~H<IE~~

and the ra nge of overexposures ~gH >IgH . .  icr tIe quant itative study

ci temperature fields tiere is the great.st interest in the range of

ncrma l exposures, characterized by the linear character of the

dependence of optical density cm •*pcsui.~ icr this section

D—y Ig H+A. (2~2I)

— —
~~~~~~~~~~~ — - — — —  

~~~:- ~~~~~~~~~~ ~~~~ - _~~_. - - ~~~~~~~~~~~~~~~
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Coefficient y’ is called tie ccQtrast ratio of photographic 3
eaulsjcn; the range, in which is ccrrect eqoatic~ (2—21) ,

characterizes its photograph ic latitude

H
The parameters y and L indicated together with light— sensitivity

and spectral sensitivity are the most important characterist ics of

photographic film. For a number of the prodrced at pre sent types  of )
pbctoqraph ic film, they are given in 1~b1e ~—5, borrowed from (2—30].

3

The knowledge of the photographic latitude makes it possible to

rate/estimate the temperature interval , which ccrres ponds to the

range of normal exposures. it is r~ al/actua1, with identical delay

the relation of exposures is equal to the rclatlc~ of image

illumjnations. Latter with the obstrvance ci a number of dondi t ion s

proportional to the brightness ci cbject. ¶bus, it is possible to

write

D. 
_ _ _ _ _ _ _ _ _ _

I 4H. 4%,

rig. 3—9. Curve of blac k.ming of p hoto grap hic f ilm.

)
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Further, by utilizing Wien formula , w€ will obtain:

L.  1g. !)LL 
~~~~~ 

(2.22) 1
ulere e — laperiam base; c121*388 au .deg ; h — effective wavelength of
pb topyrouet.r; T. and 7’.. — the temperat u re &rigbt n.ss of object,

which limi t the range of ncrmal exposures; irci formulas (2—22) and

(2—213 it follows that in this range the dependence cf optical

deqsiby on the reverse/inverse temperature Cf oiject at the

fixed/recorded conditiops ci photographing can he represented by

linear law. Difference T~—T~ is svfficMntl~ considerable and

gr.v/r ises with temperature rise. It cam be calculated on formula

T~—T..—A7 ’F(A T. + I ) ,  where A=L,lge.A,c,.

Connection ~ T— T. —T.. and T. with ~=0.6E i ari d 1=1.5 is

represented ia Pig. 2—IC. Prom the figure cre can see that with the

aid of photograph can be in u.stigated tie ccmp lex temperature fields

with the temperature differentials , which reach hund red degrees.

--4

were it is appropriate to emplasize t~ e essential effect of

1~
I
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cc~trast ratio y o i the accuracy ci temperature measurements. From

formulas ( 2 - 2 1)  an~d (2—~ 2) can be ol~ta1ned iclicuing expression for

cmi of ccmpon .nts of relative error 4oi’IT)1 :

£,—D~ (y~~
y
~) 

T. (2.23)

In connection with the fact that an increase in the contrast

decreases the photographic latitude , and tberety also difference

s’— - . value AT/T with the constant •rror fox photometric

measurements, determi ne c by expression aDI(D..—&) . wit h the increase of

contrast will, decrease. Pcrmula (2—23) iad icat.a also the temperat ure

effect: i4 the range T...—T. relative error ~,rov,rises with

temperature  virtually l inear ly .

photograph can serve as tie instrument of the quantitative

analysis of the tem perature distribution o;.ly at the observance of a

number of conditions, caused , ca c;e hand. t y  t ie  specia l

feature/peculiarities of tie transmission of the luminous flux fro.

th. sp ecimen/sample t h r c u g h  the  op t i ca l  syst em tc ph ot og ra phic f i l m

aqd , çn the other hand — by properties of phcto graph ic film itself.
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Table 2—5 . Properties of scm. types of phptc graphic film.

£~~~ 
_ _ _ _ _ _  _ _

0T0 32 32 0,8— l , l 1 ,5 0,05
•0T0 65 65 0,8—1 , 1 1 .5 0, 10
*0,0 130 130 0.8— 1, 1 1, 5 0.15
*oyo. 250 250 0,8 1 ,5 0.2

key: II). type of material. (2). CCmIO~/ge~eral/total

pbotoaensitivity in unity GCST CAll—union State ~tandardJ .Coeff ic ien t of contrastj
(3) .~ ua..a. p i4j. L horographic latitude L~~~s -not less. (5). Density

of halation Dd, is not icre.

I

I

Page 55.

As is known (2—31], the illumination of optical image can be

represented by the foflcving •zpr sssio; : ~~~~~
‘

E~~ D’+4b’ ’ (2.24)

whir . v — a c..ffici.nt of th. t ransiissko ; of •ptical system; B —
brightness of object; D — diameter of the exit pupil of optical

system; b — distance of image. -
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V ith DZe4 (f.) Z , where t’ — focal lex~gtk  of object ive, (2— 24) it

is possible t. remnit. in t ie tori -

= 
~~~~~~~~ ~~r (I +~ )“ (2-25)

wber• ~~f’/x — incr.as. is the system; z — distance from the front

focus to object.

Erca formula (2—25) it fcllow s that the image illumination,

cther conditions being equal, grow/rises with an increase in the

distance, striving for tie specific limit. Ibis depe ndence one should

ccesider, especially with ca]itraticn of t ie  p iotopy rometer: the - 

-
value of the parameter ~ must be retained ccnsts~t bot h for the

oèject and for temperature stancards — the scurces of comparison.

Especially essential effect cc the wcr~ Cf photcpyroueter have

the individual properties of photoceulsions . Cc;trast ratio

noticeably depends on tie time of manifestaticr and spectral

ccmposition of emission/radiation ; the inadequacies of the

tecbnçlogical process of fil, development can be the reason for a

chang~ in the blackenioç c; the sutface of film.

Sufficiently reliatle results can be cbtained onl y under the

condition cf calibratinç each franc.. Iq this case simu ltaneously with

ph otoqraphing of object to the same frame a~re remove/taken the

standards illuuinant (temperat ure lamp) wjti tie knovn vahues of

.4
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temperatures. This makes it possible tc maintain/withsta nd in the

best way equality the gecmetric , time/teiperary and technological

factors, which determine bl ack€nin ç Cf the iiaçes of standards and

cbject.

On blackening of standards, is co.struct d characteristic curve -)

H cf film, which is utilize d tcr treating the field of blackening of ‘1
the irnage of object.

,~~1

If T1 and T~ — tem perature of standards ; D1 tid D2 —

corresponding values of density, then is unknon~ temperatere T,

n~y be calculated from optical density D. in accordance with expression

[2—32] 1
T1T1(D1 — D 1)T

~~ ’T, (D~~. D 1)+(D,... D~) 7~ ’ - (2-26)
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Pig. 2—10. Dependence of the t.mp.ratur. carge of normal exposures on

the upper temperature at L= 1.5.

Page S6.

I

The photographic pyrcmeter in fact is the cptical pyrometer, I
v1~ich makes it possible to determine the distribution of temperature

brightness on object. As is known , transitics to actual temperature

ca~ bS realiz•d, it are kncmn the value of the effective wavelength I
cf system “. and the corresponding value ci mciccbrcmat ia emissivit y

s~ . I

The calculation of effective length of photop~rsaeter can be

produd-ed on th. ba sis of the overall relatic~sbip/ratios, used for

calculation A-.. of the optical pyzcmetezs~ So, for the calculation of I

actual tenp.rat~~• A., it is possible tc find fr cm the fcr mula

I
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c, ( T c~ — T ~ ’ )
(2.27 )

f O~~~~3

f ~~~~~~~~

white T, — the color temp e ratu re ci bcdy; T• — te.p.ratere

b°brigbtn.za ; Zr. and ~~. 
— spectral br tghtasss cf blackbody at the

a p pro~riat. tsmpsratures ; ~ — relative spectral sensitivity of

fi lm; — cisfficient ct the transmissio n Ct cptical system

(inc lediag filt.rs).

For infiqitesimal temperature range,. can be obt ained the value

of ma ;imum effective vaveler gth (2—1):

In work with isoparcbrcmatic and pa~chrcmatic photographic

mater*els during the appioFilat. selection Cf light filter, it is

possible tc obtain value k... sufficiently close to the appropriate

value for industrial •orccbromatic ~ptical &yrcleters.

n connection with a ccmparatively small abundance of

ph.topyrca.tric method in the practice of tbericphysicnl experiment ,

o 
______________ _ _ _ _ _
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it wosid want to call/name a series of the works , containing

coiicrete/specific/actual data cn tie appljcatic~ )’use of

p.hotopyrometry. So, shell [2—33] with the aid ci photographic methods

it investigated cooling Su it resistors f
~ r pur~cse of the stud y of

their thermophysica l. ptcpe *ties . The •azimui recorded in experiment

teipesature drop was ap~romimate ly 200°C at maximum temperature of

1200°C. A variation in read ings of Hayes pbcto p yrometer in the range

cf 1200—lSe000c reached t3°~.

The careful experimental investigaticr cf ~hotopyrometric method

was carried out by Londry (2—3u).

Work was conducted in the range of bemperateres of 1200—18000K.

Page 57. 
.

were investigated characteristic curve films under the var ied

co;ditions of photograpbing, was studied ti€ temperatu re distribution

along the length of the belt of temperature lam ç, were removed curves

of coçling of a series Cf 8pecimen,samples. The author estimates a

variation in readings of phctop yrcmeter by vaLu e of tl°k (for small

temperature drops) . The absciute ezrcr for tie measure ments of

tem perature, found by tie ccmparisci of the dat a of photopyrometer

and the  optical pyromet er, does nct exceed ~5°I~.
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Photographic method was successfully used by V . A. Popov for

determinii~g the temperature of driving /movi ng tim ing part icles

(2—35j M. P~. Skotnikov [2—32] were applied At for the stud y of

tenperature field in the 3et cf flame.

During the study of the coefticie~t of thermal cond uctivity and

other properties of metals the phctcgraphic metbcd s of the study of

the temperature fields here used by a. martin (2—37] and Ye. S.

Elatuncv with colleagues [2—38 , 2— 39]. One should cite wcr k of S.G

Grenishin etc. (2—36], in which are examinEc tie special

feature,peculiarities of the measurement of brightness and color

temperatures by the mettcds Cf ~hotc p yrcm etay.

5se described higher t~an the methcds of studying the

temperature fields, as a rule , it gives iatc the order of the

experiment er of the infcm.aticn about the fields of temperature

brightness. If according to one or the cther reascns the realization

of the models of blackbcd~ for the objecti ve is impossible, actual

tem peratures it is necessary to rely op th tasis of dat a from

monochromatic emissivity factor ‘~~
. ta ken at effective wavelength of

system )~.

I

I

~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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Ccnnection of the çradient of temperature brightn ess dT.Idx and

of the gmadie~t of actual temperature I ca~ be represented by the

ezpre*sioa

dT I f T  ‘dT

~ a. 
(2.29)

expression (2—29) makes it possible tc ttece the accw mulation of

error in the determination of the gradiel!t ci tie actual temperature.

Tb. gseat.at contr ibution tc it g i v e  differentiation of initia l curve

T.(x),.IZOE of measurement T. and a~ errcr  ir  the determination of $

actual tem perature T, cause d by the inaccerate knowled ge of

emissivity factor ‘a Last/latter component can he estimated on the

formula

A
C1~~ 2a0If l ) . (~ 

+-~~ ~~‘Z) 

( )

The essential increase of error diring the calculation of the

fields of the actual temperature in terms ci the appropr iate values

of temperature brightness fcrces to search icr the ways of the

creatjcn of the models cf h lackbod y at data points of the

sp.ci.en/samples being investigated. This fact requires very

attentive and careful relation to the exper ime ntal data, pbtained

o.niy on the basis of the measurements of temperature brightness. As a

rule, in this case one shceld special attention focus on surface

~~sji~iI ~
. ~~~~~~~~~~ ~~~~
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cc~dikion, the composition of the caseous m edium , whic h surround s

sfIciUQn/sample, the geometry of system anc a series of other

factors, which affect tte elfective va lue ci the luminous fluxes from

spccim€n,sa .pie.

Page 58.

2—4. Special feature/peculiarities of optj.cal temperat ure

measurements under conditions cf radiat ion heating.

As is known , radiant flux , sent by hot body into the surrounding

space~ in the general case is of two parts: its own radiat ion of body

and part of the emissio r,’radiatio n, which tails to its surface from

vithout, this surface reflected.

~f the value of the first part is the tunctiop of the

temperature of body, its ph)sical Frcpertjes and mechanica l surface

ccndition, then second Fart , besides these tactcrs, depends also on

temperatur e and the properties Cf exterral emitter.

Thus, perceived by pyrometer radiant em ergy ceases to be the

characteristic of the body being irvestigated , since the infor mation

about its temperature stati is distorted by environmen tal factors.

_
_

I
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kith similar conditions it is necessary to be ccunted during the

measurements of the temperature of bodies, heated in crucible

fernaces, equipment/devices with electicqic heating, reverberatory

furnaces, etc.

On the value of possible Error , it is icssibla to jud ge at least

• based cn this example [2—111). Outing the measurement s of the

temperature of bod y surface, heate d in reverberatory furnace with the

energy density 100 W/cm 2, ci value of t~e alparent tem perature at

emiss~ vity factors of surface •—I ;  C.9; 0.7; O.~ compose vith respect

tc 17V6; 1946; 2128 and 22t0~C. The actmal temperature of surface in
-j

this Case is equal to 1776°C.

D
it is logical that the experimenters search for the ways of the

exception/elimination of siiilar errors. Let us examine the obvious

relationship/ratio

8.~(A. T..) —8,Q T.) +5,(A, T,) , ~(2.3I)

)
cftqnedting effective -brightness B.. with brightness of its own of

Bc an d r~flected E’,, eaissicn/radiatio !s. He temperature of surface

T. (brightness) can be designed , If is measured tem perature T0,

which corresponds to reflected radiation. It is real/actual, taking

into Account the formula of wine, expressicn (2—i 1) is converted to

tI’e fqrm

LT_ T.._ T.... r..[ I_ i—7] .  (2.32)

)

.1
______________________________________________ ____________ — —~~ -
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The measurement of value 1~ can be realized only sometimes. For

ex am p le, in experiments with electronic beating it is possible, after

disconnect ing high voltage, to meascre in the ccoled specjmen/sample

value T0, which corresponds to that refle rted by specimen/sample to

radiant flux from the incandescent cathcde. A change in the

reflection coefficient with temperature is small and easily

considered by the appropriate correcticn. Ihe arthors utilized tt~is 
- •

vethod in all thei r works with the applicatioa,use of eleatronic

heating. In this case, tas remcve,taken the dependence of the

apparent tem perature in the cod ed speciae r,.’saaple on the strength of

current, feeding filamertary cathode.

luring treat.ent/uctking Cf experiments value T0 is found

through the strength of current of the catbcde, which occirred in

this ccnditions/mode.

Page 59.

It is logical that the replacem ent of cathcce cx the displacement of

aa~ elements of construction/design causes the need of conducting the

rev calibration of the flows reflected.

..14



)

.DOC ~ 78133103 PAG E 11— ,-~I i ! )

.~n such a case, WhEn radiant flux , which cierstates the

tempe rature bright ness of ctject, is at the same time the basic

heating flcw, method described above cannot be realised. ~his is j
reiat*d first of all to reverberatory furnaces. One of the possible

paths is here the method , proposed by £. m . Shcberbina (2—411. It to

materjal with reflectivity Po correspo nds trightness B~, then, other

coqditions being equal, reflection from the snrface of material with

z.il.dtivity p can be designed on the hasjs cf relationshjp/ratio

~t remaiqs to fit tt€ material with p~ , which wou ld make it

possible tc conduct brightiess reflected mea surements in pure form.

This material proves to be magnesium cxide , reflecticu coefficient by

wh ich is close to 0.97. So high a value! of p1~ l ads to the fact that

is the balance of radiant energy, which determines the apparent

tespesature of irradiated object T,6, it~ i;trimsic emission does not

virtually play the role. U.. ~ . Sbckqrbina çives the calculations,
I 

which attest to the fact that the error is brightness, caused by the )
intrinsic emission of magnesium oxide , the placed in foc us solar

furnaCes, is approximately 0.70,0, which in recalculat ion to

tempexature gives an error in order 0.lc/o.

_ _  _ _  

j
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thus, experiment in the measuxemeat of the surface temperature

of any material , which is iccated ii~ the focus Cf solar furnace, is

run as follows. In the place ci the specimen/sample being

investigated is placed auniliar y specimen /sample made of magnesium

cxide~ Is remove/taken the depende .ce Cf effective tem perature T0 of

auiiljary specimen/sample Co sciar intensity (by fixed/recorded fact

cr by another photometer).

Then in experiment with basic speciaen,savple ate measure d its

apparent temperature T. a~ d the value of sclat tadiation~ From the

latter is determined the corresponding value B~,. The un knpwn

te.p.zature 1 can be designed in accordanc e with th. equality

(243)

vh•re )~ — an •ffectiv• wavelength of the optical pyrometer ; c~ = 1l$,38B

~m .deg; s~U—p — monochromatic emissivity factor..

•ne should .apbasime t~et the appli catic o of the me thod

indicated can be accompanied by appreciable errors, caused by an

inaccuracy in the installaticu of standard and specimen/simple in the

relatively reverberatory furnace. A rather sharp change in the ene rgy

dei~sity in the area of focal spot and on leavin g from focal plane can

cause the disturbance /breakdown of the reqiltement of the identity of

the cçnditions of irradiation and as ccnsequence lead to syste matic

error in measurements , the describad aethoc assumes knov m

LL~~~~ ~~~~~~~~ . ~~~~~~~ - - .  •.~~~ . .  - _ _ _
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•~ ncckronatic reflectivity and , co~ seque~tly, also monoc hromatic

euissivity factor.

Page 60.

If the parameters of unkacwu s indicated , b ccne necessary the

measuzemen.t of the in t r insic  emiss io n of specimen/sample. One cf the

ways ci organizing such m e a E u r e w en t ~ is the appl icat ion/us e of two

rotating screens. In t h i s  case, pyrometric banmel is open/disclosed

at that torque/moment wien incident radiatic.n completely overlaps.

Nunhe ( of revolutions is selecte d similar sc that cooling

Sp.ci•en/sample for the time of the cutcff cf the heating flow would

to nnesseqtial.

In arc reflecting furnaces a similar i€thcd was used in work

[2—433 during the investigatio n of the coetiicient of reflection and

emiss~ vity of oxide ceramics. Standard specime n~sample was fulfilled

from the oxide film of iagqesium up tc 1.5 mm iii thickness,

pictted/applied to the surface of the cooled copper

blcck~ module,unit. During the measurements cf effect ive temperature

‘f~~ t•s-t specimen was rapidly replaced by standard~with the accuracy

of installation 0. 1—0.2 mm . The measuring circu it, used by the

authors (2—43], is represented in Pig. 2-11.
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The scanI~ing prisms are faste n/strengthene d to th~ree blade/vanes

and rçtate at a rate of 10 r/s. At the torqLe/mcme rl t, presented in

the djayra m, which falls to specimen/sample the flow is overlapped

aqd the system of prisms gu ides t he ic tr in s ic em ission of

specimen/sample to pyrometer 2. By pyrcmet ez 1 is measured the

te.pemature, which corresponds to the sun ci its own and reflected

fl-ows~ The weakening of flows because ~ct their periodic interruption

leads to the fact that both of pyrcmeters necord/fix only certain

apparent tea~eratura T,. ccmm cted with the temperat ure of surface T

vjth the relationship/ratic

(2-34)

where v — the coefficient of the transiissicn cf the rota1~ing screen,

calculated on the basis of the geometry of screen or determined

experimentally.

One should mention , also, about this Ecssl .bility as separation

ci the spectral sectione of that heating and measurin g radiant

fluxes., In reverberatory furnaces this cam to reache d by the

transsission of radiant flux from the mirrcz through the special

filter the coefficient cf  traneuissicu cf uhich in spebtral region,

corresponding to effective iavelength of th e optical pyrometer , is

sufficiently low. The etfectiveres~ of a similar method it showed P.

Glazex (2—42] in its wcnk regarding the ~b cnmal co~ductivIty of

zirconium oxide.
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Ideal coqditions fct this approach exist during the use of laser

beating, which is characterized by the high degree of the

mo~ockromatization of tte primary flcw of ezergy.

2 .,/

Pig. 2—11. Diagram of tmepezatmr . measurements in reverberator y

tnrnace. 1, 2 — optical pyrca.ters ; 3 — mir ror of furnace~ 14 —

actionless prism; 5 — screen ; f — scanning prism; 7 —
s~ocimen/sample ; 8 — rotary stand.
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Chaptir Three.

~BTBO8S 0? THE EIP ERI~~EETAL STUDY C? TRI ~CULICIEBT OP TIER~ AL

CONLU CTIVITY WITH t H E  USE OP DIRE C 1/S1R kI GH~ DIELECTRIC H!ATIKG 0?

5PACIIEN/SA~ PLES.

3—1 . lethod of Jager and Diesselhorst and its developmen t in wcrks of

D. I.. Timrot, B. Ye. Neymark , F. Ye. icrzhjzhancvskiy and other

researchers.
Ii

a large quantity of structural materials of contemporary

techaplogy, utilized in the systems ci cooversicu and energy

transfer, possesses noticeable electrical coi~ductivity. During the

st udy of their coefficient of thermal cc~ducti~ ity, it is proved to

be convenient to utilize heating specimen/samples by electric

carrent. A mon g dif ferent paths of experiment under these conditions

eupecially attract ive is the examined in Cbapte r 1 method of

r.blrausch. Nowever, its roalizaticn assumes the creation of the

adiabitic insulatipn of the lateral surface  of specimen/sample. The

c~omplöxi’ty of the experimental sol~tioq of this problem fp rces to

I-)
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ccustruct the theory, which considers lateral )ecsses. By Lhe first

space here, it is logical, is assuiptic r atcut ]inear

ccmaun ication/coniiectjor cf heat losses v~ th temperature ~heat

exchange accord ing to the law of Ne~ton—Aichtman). Furthermore , in

thc case of metals and alloys their high therm al cdnductiv ity makes

• it possible to disregard the radial sotisethermicity of

specimen/samples.

Thus, formally we come to system with the negat ive sources of

th. heat releases whose productivity lirearly depend s on tempe rature.

Plcw from these sources is additively accumulated lith the hea t

relea*e, caused by the passage of currert .

Por the first time the prcblem of this type examined Jager and

£jesselhorst [3—9].

Initial diff ~ semtial equation takes the $csa

(3.1)

Bere: e — heat—transfe r coefficie;t; P — p€ri.eter of rod ; S —
its cicss section; T0 — amhient temperature. -

I
Page 62.
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~quation (3—1). during the introductio p of a series at the

simpljfying assumptions admits the strict aralytical solut ion which

can bi placed as the basis ci expeliue;ta J prccedvre for

determination X. Ij~ tb~is case, the necessary calculated

relatjcnship/ratios can be obtaine d by t~p methods. The first

coqsists of findiqg of the corrections after using which we would

arrivd at Kohlrauscb’s s im p l e  an d conv er ier t calcula tion fo rm ulas

(uee chapter 1). ~be second consistu in the investigation of the new

types of tle calculated relaticnsbip/ratips, cc~structed on the basis

of the strict solution.

The first version, iq essence its te$ç~ approximate d,

nevertheless (prohably, cn inertia) after tie wcrk of JagCr and

Diesse]horst was received ver y wide acceptance and it is utilized,

until now,. Let us examine it in detail. t t  there be with x=—t T=T1;

v=v,; with x=.t T 7 3; v v 3; with x 0  T=72j v v 2.

It )=connt and -=ccnst, then

(3-2)

where ~ — voltage drop across conductor by length 21.

Inder conditions of Kohlrauscb, value I~ can be connected with

the jump/drop in temperatures • T , — T, + T. s~ic1~ appears in

conductor at the transaissicn cm it of the cug.re~t [ see ehapter 1,
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equatjon (1—32) ): )

V1=8[4~}S.

Then the second term of eguat icu (3—1) is britten in the form

)20/ta, and all the equatiap after reductict to consta nt factors — in

th~ fçri

(3-3) 1

liter designating n’~2.,’)r, the ge~~s.l sclutio* of differential

equation (3-31 let us wilt, in the fcra 
-

T — T. ~~~r Ae” +A’e~~. (3-4)

Pag e 13.

iquation (3—t) Jager and Diesselhor st t t i l i ze d  for the

determination of the  relaticnship,#r .atic bet i.een the te mperature drop

in the specimen/sample 6, which could be fcrud under conditions of

adiabAtic lnsulation/isclation , and with ebe jump/drop £=12—T1 +T,/2,

• occurring in system with losses.

After presenting ezpcnential functions in the fcrm of series an d

alter designating A~A ’=B ; J—A’~ C, it pill he pessible to write:

T- T ._~~~~= B (I + ~~~ +~~ -+.- .) +

+cirx (i +  ~~~~~ 
— .) (3-5)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  

_ j
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3
Ccnstant B easily is determined frcm temperature T~ in the

ceqtes of conductor (x= 0):

— T. — 4~-=B. (3-6)

izpr.aai.ns (3—5) and (3—6 ) make it pessihle to writ* expression

fpr the relative te.peratnre

r—r, _n’x’
2 fl~11— TI —

3
aid fimially utilizing bcu~dary conditic~s iith ‘~tI. to ob ta in the

resultant expression

71 + T~ I-- 27, 
— ,, .3, 

•-~ —‘~ ‘+-jyr”
— T~ —

After introducing tha demign.tioas

(3-8)

N = T1 — T, + -~~- A~ (3-9)

from •gwatton (3—a , by utilizing •i. the right sAd. three terms of

e~xpaa.sionr 
it is possible tc find co.aunieaticmiconnection between e

and £1

I= A — sN + .
~~

.s’+... ~3-1O) 
• - •

The designed thus value 8 can be substituted in the equat ion of

)]

_ _ _ _ _ _  -j
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Kehlrhusch and to find the unknown value k,,,.. lalue )/. he re one )

should relat, to temperature 7,—

lag. 44.

Li the temperature of furmace is uct ccnstant, but it changes on

parab cla with temperatures 1~~~(x=—1,), Toa (3=C) , 165(x +L), then value

N is dcspu t.d a~~erding to the r.l.ticash~~,ratic j
(3-Il)

Thus, th. calculation ot ’cotrecticp reguirsi the investigation

ci temperatur. distribution not only along specimen/sample, bu t also

aleng turliace.

)
Ia accordance with (3—E) value f cam be calculated, if is

kacwn heat—transfer coefficient a. It be tween the specimen/sample

(with a radius of r) and by the wall of furnace (wit h a radius of 8)

Is placed any filling with thermal cond~x~ti~ity ~~~
, then expression

ton approximate estimate a. obviously, takes the fQnm

a 
rln (R/r) - (3.12)

lore advisable is, hov ev r , t~e dir dt m~ssur..ut 0$ value €

l.a experiment. If over rod current dces ~ot go. then according to

Kohintunch ’s theor y specimen/sample aust be isctber.ic, i.e., 80.
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thus, after disconnecting crrrent aqd after measuri ng the stationa ry

tempe rature distribution in system , from .quatfcn O—~~—-eN,-~- ... it

• is possible to calculate uv )ncwn value e—~~,/N, .

S,
~i

On the basis of the tbeor~ presented Jager and Viesselhorst

supplied the thoroughly realize d e periment . I

• Ised by them experi.eqtal techniques is of now, per blps, only

bjstosical interest; hok ever , the idea cI m~ stematic approach, the

• mathematical analysis of many specific problems , which appear in the

inplementatio~ of methoc,, until ncw , they retain entire their force

and value.

In 1935 this method was used E. L. Timtot [3—10 ). It carr ied out

for the first tine it it high—temperature range: experimental data on

the ther ma l conduc tivity of the most important trademarks of steels

in work on the thermal cc;dtctivity ci the most important trademarks

cf st*els in work [3—10] co~er temperature raI3ge of 100- 900°C.

Charadteristic for this wcrk is attenticq tc the creation ot the

coqditions, required tb~ theory ci metbcd.. This first of all is

related to equipment/device of working section. the average/mean test

sectign of the specinen,sample was covere d by Insulating compound ,

S which consists of admix asbestcs fibers with magnesia, and it was

turned up into fine/thin asbestos sheet.

_ _ _ _ _ _ _ _  -~~~~~~~
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This system , bo un d by asbe~ tos cord , was j~ntroduced into furnace, and

the clearances bet ween the heating tube of furnac e and the

block/module/unit from specimen/samples were filled with the same

asbestos—magnesiun filling. Such an in5ula t ico,’isclation made it $
possible tc hope for the linear character ci heat exchange between

Si

the specimen/sampl e and the fu rn ac e , r e q u i r e d  theory .

-Ii
3everal years after the .ethcd of Jagex and Diesselbçrst realize

5 5)

P. E. liikryukov ( 3 — 1 1 , —1 2~.. Unlike D. I.. ‘Jimr-ct’s work, here in all

raqqe cf investigation s is absent insulating filling between the

• specimen/sample and the furnace. Heat exchange between the m is

realized by the em ission/radiation (working section is located in

vacuum); therefore initial positions are ben € disrupted. Posit ion is

aggrawated still by the fact that the diameter cf specimen/saiple is
)

ecticeably smaller than the diameter of furnace . This leads to the

amplification of the role of ~cbli que ” re—emissica, i.e., the direct

heat exchange of the hot central zcnes of fcrms wit h colder

peripheral sections.

lenerally speaking, under specific cç;ditic~s it is possible to

5)

- - - --- - • — — — —  - • n r �~~~~~ -~~~~~~~~ ._.s _~ - — — - — — — — -  14
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allow radiat ion heat excba 4ce in system. Pci this , it is necessary, 5 .
cm cne h a n d , to re d uce tc  minimum a i r — g a p  cleaDance betwee n the

sp.ci~~n,sanple and the furnace (which will m a km it possible tc

eliminate the noticEable effect ci te—esissicu) and, on the other

hand — to fulfill condition (t—10)~~T0<< 1. In this case it is possible
t

te talk abcut the effective coefficient of heat exchange a~ and the

Ijqeas character of its temFenatur. depe~ds*c., i.e.,

s.,s ( r — T ) = s, (T -—. T.), (3-13)

wher e ei~ — gives emissirity factor in system s pecties/sanpie —

farna~e: a — Stefan—Boltzmann ’s constax~t; t an d T0 — absoLut e

temperatures of specime n,saiple and furnace.

Prom (3—13) it follo~s that the linearized coefficient of heat

exchange can be written as -

(3-14)

icreower an error in the limeaniza ticn it is estiaat €4 by the

re lat4onsh.i p/ratio

— 
l ,5 ( T— T,) /f . (3.15)“—

In should not forget that equstios (I—i) assumes constanc y a

over entire length of wcr king section.

Page 66.

— ~~~~~~ ~
-5_Z~~~=5~~~~~ 5 555 - sifl=t 5 ~~~~~~ ~~~~~~~~~~~~~~~~ _5_5__~__5==_ .—
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Fulfilling this requirement in the case of the linearize d radiation

heat exchange requires special emissioq/radiaticn in each specific

case. in work (3-11) the aialysis cf these gwestions was absent.

Thus, to the results, cbtainec durin g the installation of V. E.

Ei kry.kova, one should appicach with large precaution. This confirm,

for e4aaple, and P. 8. ~h~ l€pukhia ’s data (3—13~, ihc, working during C
the installation at V. F. ~ikryukcva , experimentally detected that

th. system of the corrections ci Jager and liesselhorst here led to

errcn~ cus results, already beg inning with temperatures of 300—400°C.

the mqst reliable results were cbtained only under the condition of

the protection of speciren/sample by the layer Cf ceramicS with the 
S

icy cqefficiellt of thermal conductivit y (team chamotte).

The ezte~sive studies cf the coefficient cf thermal. conductivity

by thö method of Jager and Viesselhorst were carried out ‘by R. Ye.

Krzyzanowski [3—it , 3—15] and 8. Ye.. Ne ymar k (3—16 , 3— 17 }i The

created by them experimental installations €nsxared obtainjng reliable

data to 90 0—950°C and made it possible to ‘ccnd~ect systematic

investigation of h~eat— and electrical ccnductivity of the large group

ci the most important industrial alloys.

aigher temperatures (tc 1100°C) were obtained dur ing its

installation of C. Ye. lv an c h ikh i n  (3— 16] ..

— _•.~~~~~~~~~~~~~~~~~~~ •. • • - - ~~~~~~~~~~~~~ - _ _ _ _ _ _ _ _
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~~~
The diagram of this i~stal1aticn is given to Fig. 3—1. Heater is

made ~roa sheet tungsten 0.15 mm in thickness. Exper imental model

with a length of 120 4~ 5 mm in diamete r is aeoured by speCial pins.

The lktter contain compensative heater and cccler, which makes it

possible to regulate the value of temperature drop in

speciRen/sample. Workinc secticn has letgth 60 mm . The measurements

Ct the temperature of speciien~saspls are tealited by three welded to

it platinu a—p]ati~ u m rhcdi nm thermcconpl~~eQ. 15 an in diameter. The

electrodes of these thetmeccuples they are utilized as pot ential

qcqclusioz~/der ivat ions.

Specimen/sample is shielded by io~ ulat ic~ — two tightly pressed

tc it semicylinder s 6 of ultralightveigbt fcaa cbamotte. on the

external surface of sealcylinders in gicowes , ate packed the

ther.çcouples, which measure the temperature field on the external

surface of insulation/isclaticv. Betweer tungsten léater and

cetas4cs, is left the clearance to 3 mm , which improves the

uniformity of heat—flow distributicn according to the surface of the

heat tusulation of specimen/sample. Cutside heater it has screening,

which decreases the heat lcsses tc the jacket Cf furnace. System is

evacuated to 10 ’— lO ’ m u  Hg. (

—5 -5 — .S——--~~~ -— —



- - -5—-- 5- -—-
_ _

.-—•~~~~~~5-55—-5-_• -• 5~~~- 5-.—.- S~~~~~~~ •~~ 
_ _

DOC ~ 78133103 PIGE ‘~~I~ \ _5.()

Ccrrectly noting that with decrease of l~ the theory of the

correctio4s of method is prcve d to be mcre effective, the author in

his measurements leads this value to 1—4°C.

Page 67.

I

to 700°C experimer~tal data of the autbcr tcr steel 1~h18 N9T within

limits cf 2o/o coincide aitb the results of B. F. Ney.ark and B. F.

Krsyzanowski, at higher temperatures — they  exce d them (B. E.

Neymaxk’s results are deflect/diverted at 950°C down approximately to

Eo~,,o) Reason this author perceives in too the great values of N

which were in the compared works. Sc, U. Ye. Neymark tempe rature at

the end/lead of the furnace was hicber bhin the temperature of

End/lead of the rod by appr cximately ~€ °C.

The given example shows that the use cf all advan tages of one of

the .qst elegant experimental methcd s — met hod ci Jager and

Diesselhorst is possible only during strict bringing of conditions of

beat archange in the working zcne ci specjue;/saiple into conformity

with the thecry of methcd.

S let us write the sciution of equation 13—10) in a som ewhat

different form:

T_ T .=(T ._ T._ .
~ .)~~j+ .’r. (3.16)
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Here: b=2e/1P~I2p/ASZ; X and p they are set;assuned Is before by

independen t variables of temperature ; T—T1=T.

After measuri ng in experiment the temperature ~~ the center of

conduCtor (with x=0) T t 2, the temperature ct ccid,ctor T~ at a

distance from center x=±t and the temperature cf med ia. Ta, we cnn in

accordance with (3- 16) connect them with th€ unk~oin parameters b and 
S

-- -S~~~~~~~- -
~~~~~~~~~ =~:--•~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~ - -
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Fig.. 3—1. installation ci 8. F. Iva~chik~ju (3—18]. 1 — heater; 2 —

sp€cimen/sa.ple; 3 — pins cf the attachment cf mpeci . n/s$.ple; 4 —
ccmpensati ve heater; 5 — cod er; 6 — iqsulaticn,isoIat ion~ 7 —

screens; 8 — jacket of f~rnace; 9 — thermoccuple .

- )

Page 88.

Secoqd equation gives to us the experizent without current,

carri4d out n~der conditicqs of •aintainiag the temperature constancy

Tb which can be provided by end beaters.. Ike te.perat’ure of furnace

1 alto must be constant.

Thus, we have two equations:

(T,_ T.) *= [ (Tz — T .) i —~~~.] .~ !~j +4j ;  (3.17)

- (T, — T,) =(T 1 — T,), ~~~~~~~~~ (3.18)
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lence there can be found of ezpreasio; tot k sad .:

PS °‘ _____________ - 19
f (T 1—T,)~~’Ar di , ~~~~
~ ~it~~~ •h

(T — T,). — (T , — T,~, - (3-20)X (T2 —7.) (T~ — T,)— (T~ — 7.) (T , — 7.) )
The v•rsion af tr .ataeat/uorki~ g .zp.ri.sst presented , proposed

by PoIt (3—19], is not cc.;ected with suck itt1~gsiit requirements for

value e. which are characteristic for the methed 4! Jager and

Vjess•lhorst. Final expressic;s (3— 19) and (3—20) are precise ones

cad can be used, if only heat emission frpm lateral surfaCe linear ly

depends on temperature. It is certain, thes€ expressions are less

convecient for calculatio n, than Rchlraus4th’s fcrmula. However, this

is expiated by the-jr strictress.

-

•

Putt used its method for tke investigation Cf heat— and eiectrical

ceqdudtivity of alloys copper — palladi um in th e range of

tem peratures of 20—800°C. An error of measu rement of the coefficient C
Cf thermal coqd *x~tivit y lie~ rests here within limits of ±3o/o.

~1

~itb the asymmetric fcra temperature curve i~~o final formula ,

just ~s in Jager and Diesse]horst, instead cf T, au~~ be introd uced

-
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the mean arithmetic values ci end tempe ratures T,— TI~~~TS )

Page 65.

3-~2. Application/use of Kchlrausch ’s method at high temperat ures.

A f t er the works of Jaçer and Eiesselhcrst , hy its system of the

correction s of those discovered path by Kohlrausch’s ideas into

tempe rature range before several hundred decrees, were reiuired 30

yearsp in order sy~stenatically to study anc to experimentally realize

ancther path, which made it possible tc master even higher

tem peratures. It was proposed by 1 1 d m  ta— I] during the development of

the theory of electrical ccntact. The €uisSicn/radiation of the

character of the temperature distrlbuticn i~ the zone of Contact

area/sites made it possible to establish that the max imum excess 5)

temperature in contact spot at this current is unam big uously

determined by the relaticu cf beat— and electrical conductivity. It

turned out that for the contact zone, cc~sidercc as specimen/sample

ci special form, ~ohlrauscb’s bcuncary coaditiciis are virtually

satisfied in the very wide range of values cf the maximum temperature

(even during transition for melting point) -

Inder these conditions th. special treatment/work in g of a series
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ci steady states, which correspond to the different values of

currents, makes it possihie to calculate tIe value of relation

beat—and electrical conductivity at the selected temperature. The

corresponding specimen/sample according to kclm must be carrie d out

in the for m of cylinder ~itF fine/thin shoit cross ccn nection (in the

çeneral case — arbittar) geometry). It is certain , ii the zone of

cress connection, it is difficult according to I~ohlrau sch’s classical

dj~agr4m to organize the measurement of temper atures and potentials at

three pcints. But this it is possitle and qot tc make. To more much

si.pLj attain the constant temperature T0 in the thickened zones,

which adjoin the cross ccnqecticn , which will make it possible to use

differentiation ftc. the upper altErnatii~g/variable limit of the

integral of Kohlrausch and to find )/o, pertainiig to the ma ximum

temperature:

-

- 

(3-21)

lith t0~const

-I  
~~~‘

‘ 
~‘( ~~)

Faq. 10.

Ixprersion (3—22) is made it p.ssitl., thus, to fin d relation

beat— and electrical conductivity in the experiment , carried out in

-- ~~~~~~~~~ ~~~~~ ~~~~~~~~ — p -, — —
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maximally short specimen/sample. From overall cc~siderations it is

ch ar that, other conditicn~ being equal, the decrease of the

relative length of specimen/sample lust carse a rela ti ve jncrease in

the lçngitudinal heat flux in cc.pariso~ with tte value o~ lateral

lcsses, and thereb y ever more precise satisfaction of derivaticn
I

conditions of initial telaticaship,ratic (~— 1).

S $
Liready durin g the first reali~ aticn Ct siiilar experiment (3—2 ]

far the construction of calculated relationship~ratics was utilized 
S

the tCmperature dependence ci the •atezial teinc i4vestigated. This j

made jt possible to avoid difficult ly attA in€d direct measurements of 
S

maximu m tem perature on neck and to measure only value impedance of

the v~rki~g zone P. It is east to show that in the case ct the

parabçlic course temperature curve cn neck its impedance with the

overheating of the Center of speci.enjsaiple relative to end/leads to

value ~~‘T m~~~T0 is connected with resisba~cs ‘I.=~~Tó) by the

relat4oasbip ,ratio

R=R. ( 1+4- me) . (3-23)

where e 1/j~0sdp/dt.

Iton (3—23) and (3—21) it is &cssiUe to cktaiu

(3-24) 
S

Thus, by knowing the temperature d.pe~ de~ce of resistivity and

-J

~~~
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after measuring the dependence of resistai~ce of sp9cimen/sample on

the applied stress V in steady state, it is pcs~ ible to calculate the

co.ffjcient of the r mal condu ctivity , the diagram of ex peri ment ,

d4ctabed by relationship~ ratio (3—24), was subsequently used in the

sissies of the works of lather (3—3—3—51 and Yurcbak (3—6]~ It must be

feted that in these works the derivative d ( V*).)dl was replaced by

the relation of final increases in value, i.e., VZ/(8~R0), which, $
S gener*hly speaking, is ccn~ ected with know n error. It indicated

8
already Bali (3—1 ), who propcsed experimeatally removed the curve

8(V2) before treatment/working “tc level gfi~ taking into account t
fu~ ct4cns p (T) and X(T)

Page -11.

~n the sufficiently low temperatnte range, these funa tions can

be deScribed by linear dependences and the right side of aquation

(2-211 is ieduced to the pelymemial

which sake s it possible to calculate Sols’s corrective fad tot. It is
S locatdd from the sqiality

R—R. (z+~4i4.. R—R. 
~~~~~

‘
. (3~~.5) 

S

In these expressions $=1/).dX1dl. 
S

- -  --
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~f each measured value V~ is di vided Into the value, which )
stands in the pareptheses ci last/latter eqvaticj, then o~

curve/graphs V’=f (L~) it will be the straight h o e  whos e

slope/inclination makes it possible tc find the u~kncv n value of

derivStive, entering equaticn (3—2k).
.1

tmong the possible scmrces of systematic errors in this method

the important place occupies lateral heat E3chamge. For its rough

estimates it is pQSsib]e to examine in linear approach/approximation. 
S

This will mak e possible to  f i n d  c c m p ar a t iv e l y  s imple  expressions V )

( 3— 1].~ which make it possible to e s t i m a t e  necessary during the

ccnsttvctioa of equipment. The effect of lateral heat exchange it is

o.bviows: it is expresse d in the decrease of the values of the

cv.rheatiqg of neck e— t~8 and impedance of the wcrkinq section P—~R,

as a result of wh ich in experiment we wil l. ceal with the distorted S

der ivat ive, i.e., d (V~AV) 2d (R_ 6R) iastiad ci d(V’)/d R. 
S

S .)

ialculations show that th* eflect ci tIe effect of lateral heat

e~chaag. can be taken into account cotcec~ ive factor:

d(R_ - d; ~4~~~t —C(I —~‘l)
’ (3-26)

wbqre the constant C is pr.p oct iomalit~ factor tetwe.~ tbd decrease

Cf th. value of the overheating of neck 18 and the val ue øf the I
overheating 8, which corresponds tc the adiatatic insulation of

la teral surface , i.i., I$zCI; in t his case

C=~~~. (3-27) -~~

)
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Page 12.

Bere h — external thermal conductivit y (prcduct h (T—e0) gives

the hiat flux, lost from the unit ci the surface of neck jnto the

surrounding space]; b — length; a — rad ius ci reck.

In equations (3— 27) and (3—26) it is assum ed that wa/2h<0.25.

Thus, as a result of lateral hEat exchange calculatiQn of

therma l conductivity according tc fcraula (—24) gives the values,

overstated approxiiately 1/1—C once.

lecreasi;g shape factor ba/a, in principle it is posSible the

effect of heat exc hange tc make by unessential.

The described aethcd was used for the first time by loi, and

Shtcrmer duriqg the investilçaticn of tb c th e r mal conductivity of

platirum in the range of temperatures of 1S—1 O~ C°C (3 — 2 ] .  Used by

them the construction/design of working sectio n is given to Fig. 3—2.

Specimen/sample was grcoved made Cf plati n um cy linder wit h a 
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~~nd 1eng~~j
diameter of lOr\25 am in long. Meck had diameter 0.7 and length 5 mm.

icr the prevention/warning Cf the mechami eni damage Cf crçss

co~nedtioq, the spcciaer/saaple additicralIA was centered in two

tightened by insulator guide bushes. The butt ends of the

specimen/sample were begur pressing intc hclders — the nickel

cylinders, into wh ich were screwed the current input s. Two

petentiometric derivaticns and thermoc ouples made it possible to

m ciiitor the value of operating vol tage/stress and temper ature 
S

constancy !~~.

The error of measurement , calcula ted as E N S  value of the sum of

imdiv;dual errors, did rct exceed ~2.7c~o pith 1020°C. The basic

contribution to error gives in this case the inaccurate knowledge of

the temperature coefficient of electrical, resistance 1./a (2.leo/o).

The error, coquected with calculaticn by the derivat ive d*Y2)/dR, the

au thors estimated by value ±10,0.

In the works ci Kat le r  and o th e r  r esearch ers  [ 3—3 —3 — 5 ] the

method ind icated was rea l ized  (it is i q d e p e n d en t )  at highe r

tem perat ures.

h ulk - — - - - S ~~ S ~~~~~~~~~~~~~~~~~~~~~~ - —-—- - ~~~~~~~~~~~~~ r~~iZ~~-? _ ~~~~~~ 
- - S  -~~~~~~~~~~~~~ _



5 — -.— _______________________ ______

LOC a 78133103 PIG! ~42.— \ L4~~

F;g. .1—2. Working secticn ci the installatic~ ci loim and Shtotmer S

[3—2 ] 1 — specimen~ sa.ple ; 2 — potenticmetcic derivat ions; 3 — gu i d e  S

bush; 4 — sample hclder; 5 — current in put s ;  6 — theriocoaple; 7 — S

insulator.

t age 73.

So, the measurements of LctEnt2 number ci iclytdeaua and tungsten it

wa~ p~ssible to conduct in the rançe of telEeratures of 1000—1700°K.

agaii~ let us note that the proposed by M d ,  approac h implies by -

known the temperat ure dependence of resistivity and requires 
S

comparatively small over he ati ng s 8. If it b cu ld be pcssible S

suffidiently accurately directly measure the ma x imum temperature

TA CO , thea these limitatioqs it would be possible to remove/take.

This Attem pted to make Ecpkins (3— ). 3—8]. His experimenta l prccedure

is instituted directly cn equation 13—22) end i~ clndes the

I~~l~~~~~~~ - 5 5 ~ --
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measu r ement of maximum temperature by optical micropyroae~er.

Size,dimensio~s of neck ø0.193~0.! .a~ The measurements of Hopkins

for platinum cover t em per at r r e  interval of 1200—2300°c. These are the

caly uctk , which contains direct measurements Cf Lorentz numbe r

platinum its higher that melting pcint.

In work [3—8] Hopkins and Griffis undextook the attem pt to

exp€rjm en ta l ly  invest igate  the systematic  error , connected wi th  heat

losses in the zone of neck. For t h i s  pur ppse , were carried out the

measurements in vacuum , air, qitcocen and h ydrocu~. If the first

three ex periments in the distance the virtually the same values of r

Loren*z numbers, then experiments in hydrogen were characterized by

the owerestinate of the measured values for 8—lCo/o. Hence the

authors drew a co4clusicn atout the noticeatle effect of Lateral

losses under specific ccn ditic7s of experiment. Calculations in this

case •ust be constructed taking the correction into account for heat

exchange.

Concluding the discussiop ci these variati-crs in Kohirausch’s

.etho~, one should all the same em p hasize scie fundamental

difficulties of their realization in the range of very high

temperatures. Nost effective Lure ceuld be the direct method,

instituted on equation -13—22). However~ Hophium ’s the same wor k, in

which it was realized, it shoved that the measurement of temperature

--S -— S —
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T~ k•re — very d i f f i c u l t  pr oblem.  Complex i ty  lies in the fact tha t

the temperature distribution is characterized k y  very  considerable

gradients and that the La n ce of f ir i t e  d i m e x s i c c s , in wh ich it would

be poSsible not to consider these gradie~ts, there is virtually (but

if n o we we  at temp t it to c reat e, then ~e la m e d i a t e l y  disrupt the

isitial. messages of  m e t h o d ) .

Page ~4.

To th js  it is nece ssary to add and tha t  t h a t  in the realiSable

ccqstruction,desig~ns it is possible to wor k crl y wit h su r face

e.issjon/radiation , i.e.. with the temperattze krightness whose value

is characterized by the known indeterainaacy,iuncertainty of radiat ion

co.ffjcieat due to reflecticns on malls. This is connected wit h the

adven t of difficult to the systematic error ccrisidered , its for each

ci the materials being investigated .

Winally, pteservaticn/retenticn/naiutaining itself in an

exper4ment in geometry and size/digersicus ci neck at high

te m peratures is co~ vertcd into the dif ficaitly solved pr ob lem.

3—3. letbod of the heat balance of uor ti~qa—C skcrne.

-- ~~~~~~~~~~~~~~~~~~~~~ S —~~~~~~~
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Imcng the ways of realizing the high—temperature measurements of

therma l co nd uc t ivi ty  very  enticing is the use of s imp l e ex per imental 
S

equipment/device, which cc~zists of the cç rduc t cr ,’ hea ted current  to

S 
hjg b  tempe rature in the  cold vacuum caaera~ cbamber . J~oblrausch ’s

S - theory is not here used: are great and si g n i f i c a n t l y  monl inear  heat

losses fro m latera l surface . However , iu f or m at i c~ abou t therma l

coqductivity can be o b t a i n e d d i rec t ly  fro .  the equations of heat (
balance for the finite segment of speciieuisample.

m e  of the first vcrks in this directic~ van the investigation

ct Worthiag, carried out ii~ 1914 [~ —21].

The method , used bI it, is instituted to analysis of the

temperature distribution , w b ic,b appears near the bea ring edge of the

f ive/thin metallic filament , heate d by electric currest in vacuum. As

is shpmn calculation and ccnfitms €xperim eqt . the temper ature (
distribution along long unifot. filament jr characterized by a

c~ mpazatively flat/plane temperature area ;tsite in its central zone

and by a sharp decrease iii the temperature rear the bearing edges of

ead/l4ads, by the caused diversic n~tap ci teat flcv to them. These

f laws ar e in the work of Wor t h i n g  sith the u r k r c w n  val ue. Their

determ ination is possible cm the b asis cf the stud y of energy balance

fpr the finite segmen t of filament L, un dOttak em between the center

of filament (point of the max imum ci t e.p era tu r e) and by the selected
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vethiag section.

jt is obvious that isolated by electric current I on this

s.ctiqn pawer Q..=I ’R=/ ’ f p (T) S ’dx is 19sa l te the sum of

lo~qitadiaal heat flux Q~ of aect ion z L  and ci heat losses by

.aisa4on/rad.iation frcm the latera l surface of this section

- - Q~=~D$q(T)dx.

Pag e 15..

Taking into account this calculated relaticrship,,ratio for the

coefficient of thermal conductivit y ca~ be britten in the form
L

4~~~ [ —~-.i1z~ (r) __ Q. (r)
J dx

( L~ ‘di • -
DI— S

1 dx i L
di

where i — a curren t density i~ filament; I — i t s  diameters d% X..L —

the e~ perimentally obtained value ci the gradient of the temperature

in tb* section being invest igated; p IT) — resistivity; q, ( T )  —
sp.ci~ic heat losses by emission/radiation .

last/latter two values are determine d with the aid of the

special experiment, instituted cm the measuzeme rt of the

expenditure/consumpt ion of electrical energy co sect ion with constant

temperature. Here dt,’dx~ 0, and entire/aU etecg), isolated by
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curren t, is expend/consrmed on emissio;,#radiaticn. Thus,

q. (T) = (3-29)
and

p (T)= !~~~, (3-30)

where 1, — distance between potential derivaticus; V — potential

differ ence . -

The simultaneous measurement by the optical pyrometer of

temperature brightness iakes it possible tc re late the obtaine d

results to the specified temperature ccndjtic~s.

thus, block diagram of the experiment ci ucrthing consists of S
the fcllowing cell/elements: m easu rement p (1) all q . (T) on section

with the constant temperature , sCasurement T(x) in the zone, agitated

by thd place -of stoppinç up . and applicatjcn/use obtained previously

p I t )  lad q. (T) fsr the ccmpositlcr of the energy balance of the

sectiga 0—1. iq question.

Worthing carried out the measurements ci the coefficient of the S

tb.rmll conductivity of tusgsten (ii~ the cargu cf temperatures of

S 150c—25O0~~), of tantalum (170O—2100°~), of graphite (1700—2100°K) . S

S Page 76.
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is later for the investigation of tungstea 4110C_200OG~) and of

molybdenum (1200—1900°$) this method was app lied by Osborne (3—22].

To Worthiz~g — Osborne’s method in its esse i-e , adjoins the version of

treatment/working, propcsed budkin , Parker ~nd Jenkins [3-23]. the

initial differential eqsaticn (1~~IC) they r ecor d/wr ite in the form

4.d(a ~) ‘=a(IsR _ P.~T’) d7 . (3-31)

~ er. 1p/S, and t~ .y integrate uithia limits ft om T~ to TL, where

Tm — temperature in the center of long fil ament (with dT$dxwO) ; TL-

— t.mperatur. in the vczking secticn being investigated. Calculated

relat4cnship,iratio under the assumptioq of linear dependen ce A (T) is

obvious:
I

£ (T,~) = -
~~*‘f (~ ~ ‘S (!1R — P.~T4) dT. (3.32)

The value of the co.fficisat ci tbersal ccnductivity, undertaken

at certain mean te m pe rature T~. is determined ftc . the

relat4onship,ratio

~ 
( T— r _)(l ’R—p ..r) dT

- I dA 1
~p~ 3.33

~~ (t ’R—. P..T~~dT 
-

I
in the first approximation , this value can be accepted for unit,

aid then, aftet determi ning k (1), tc intrgdcc e the necesstry

I

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
~~~~~~~~~ 
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correction. For the calculatiop of the coefficient of thermal

cmqductivity here, as of liorthing, it is necesnery to stud y

tempe rature distributio n cn the secticn of filament , which adjoins

the cluter, a~d in accordance w i t h  it , by util3zing dependences p ( T )

and e(T),to calculate the value Cf iz~tegzal. The gradient of

tem perature is determined b~ differentiatjcn of expetimen~al curved

1(x). 
5 )

S .- )

ly the described method are carrie d oct th€ measureme nts of

thermal conduc tivity and series of other picperties of tingsten,

mclybd enu ra and rhenium . The maximum temp erature ir~ exper iments

ccmposed 2800°K. An errcr Cf measurement tke authors estimate by

value tlOo/o.

5 )

[age 17.

The results of this work detect esseatial i~isagreement with the

data ci worthing for tungsten and Csborne icr mclybdenum . The

last/latter measurement s cf the prcperties of these materials make it

pcasible to rate/estimate the results ci lcrtbing as erroneous. The

temperature dependence ci the ther mal cond uctivity of moly bdenum , 
S

cbtained by Osborne , alsog apparently, is dA stctted by systema tic

enrcr Ibis is not randcm. The method of the optical pyrometer , as

was clu ed its Vorthing, in spite ci clarity cf theory and potential

- -- 5.- S _ _ _
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efficiency , requires careful experimental realizatio n and delicate )
triatment/working. it is toc vulnerable frci the side of a number of

factors, difficultly ccntrc lled in experiment itself. Among them it

is possible to call/name, icr exau~~1e, the zeq-virement of the 3
gecmetric and physical uziifcraity ci sp€cimen~sample over its length.

An d it, let us say, it is pcssible tc the experime n t to contro l the

cpqstancy of thread diameter over its length , tI~en to cheCk the

pz.servation/retention/iaintaining of the cve and the same

temperatur e dependence ci elissivity alcqg the length of filament is

virtullly impossible (empecially it the case of its onotonic

changl). As show cOntemporary investigatior~, with the vacuum , with

which wcrked Worthing and Csborne , at the specific tem peratures can

be observe d a t i m e/ t e mp c r a r y  ch a n g e  in em i s s i v it y  factor.

5)

I disadvantage in the method is the lupess ibility of measuring S

the aCtual tempera t ure. Experiment gives inf orm ation about the field

ct temp erature brightness in sp e cimen /sample.
5 5

~

lot the calculation of flow distribution of heat alon g the

l.ngt k of f i lament  by t h e  k n c w l e d g e  ci tem p era t u re  brightness it

would be possible to be restricted (when dc not act the factors,

mentigned above), since exper iuent regand i~ ç specific resistance and 
-~~

radiant losses makes it possible tc una .bigucumly connect these 
-

values precisely w ith it. ~cwevet , the dete rmination of the

- 5- - -—- -  5 -5 -~~~~~~~~~~~~- - -
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longitudinal gradient of temperatures requires the knowledge of the

field of actual temperatures, since the gradients of true and

temperature brightness are not equal. Uence the need for the

knawlidge of monochromati c em .issivity factcr  of materials,

determined , as a rule , in other spe cimen/sas ples , under ot her

exp rj.ental conditions. Sc, wcrthing utilized durin g prodessing of

its results data according to emissivity factor cf Nendenkall and -

Forsythe [ 3—2 14], but Osborne drew the results of the measurements of

lonthjng ( 3—25] . The possibility of i n tr o d u c t i o n  into the result of

syste.atic errors is here obvic us .

4

-4

‘
4

)
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Page 78.

Istimating the temperature bouodaries ci uorting — Osborne’s

method, it is possible tQ note t h a t  obtaining tie reliabit values of

thermal conductivity at the temperatures, clcse to the mazim um

temperature iq the center ci specimen,saaple , is impcssible in

pr inciple. This is connecte d with the rapid growth/build—u p of an

error  in the deter . inat icn Cf longi tudina l  heat  f lux  dur in g the

decrease of the working s~ctjcr 0—I: differ€~ce in square brackets in

the numerator of expressicn (3.26) tapidly vanishes with the increase

of the values of each of its terms. In this case, each of the terms

to di t ferent  degree is sens i t ive  t c  the  errcr in  the determination of

temperatur e, which is caused by different fcrms of temperature 
S

dependences p(T) and q 1 ( T) .  Grow/rises an error ~f measuremen t of the

gradient of the tem peratires during the decr ease  of its value. All

this leads to the fact t h a t  t h e  r e l i a b l e  v a lu e s  of the coefficient of

thermil cond uctivity cam be ob ta ined  only for th e  sect ions of S

S specimen/sample whose tL e temp erat cre cn ICO— 150°C lover than ma xim u m

temperature Tm of experiment. The latter in turn , is limited by the

phenomena of sublimatio n and thermal creep ci the material .

— S S . - ~~~~~~~~~~~~~ • 5 - -S S- - S S 5S5-~~~~ S -~~- S 5 5 S ~~~~ -~~~
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aigher temperatures can be ceache ’J by the methods, instituted on

the amalytical description ci the distributicn ci the temperatures of

the f ;laae n t , heated by electric ccrre;t. Specifically, in that range

ci ma ;im u m tempe ratures , ~bere the talanci metbcd of Wort~ng leads to

large errors, the accuracy cf the analytiCal description temperature

cur ve  grow/rises. This offers new p o s s i b iL i t i es  for a qualitative
S 

high—tempe rature exper i ment .

3—4. lain directions of practical realization of ideas of Jane and

Krishnan

Is was shown in C hapter 1 acme sedticns of of heated by the

current of the rod, losing heat by cadiatjcr , uid.r specific

conditions allow/assume the very simple analytical form o~ the

descrjption the temperatu re curve. If rcd is sufficientl y short, then

rear its middle temperature field is well apprcximatcd by quadratic

parabola; but if it is icug, then is valid expcnenti al dependence.

This tact was the basis of the develppmeot of a series of

ezper~mental proced ures for studyi ng the thermal conductivity of

cs;duCtors.

Page 19.
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icr understanding ci block diagram and validity of ex periments,

we soiewha t convert the differential equatic~ , which describes

teiperatur e field in conductor wit h current and the radiation losses:

~~~~~~~~~ — 7~) + I~~~ =O. (3 34)

As basis for conversion can serve the identity, valid for the

un it ~f the length of irfi~ italy 1 m g  filament with the current:

~~~~~~~~~~~~~~ (Tx ) =-~-.( T ) - ~I T ’ 
~~ (3-35)

where q v ( T 01) — heat—liberation value in the ccipductor , heated to

temperature T~ by cu r ren t  wi th  a 4ensity of i.

After replacing in equation (3.314~ heat release with the

equivalent value of heat losses in (3.35) and , furthermore, after

S adddi a g and after taking away term P.~T’,j3~S. we will obtain when
.(T,D)=s a P(T ,) =p:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (3-36)

there T,.~ — maxim um temperature in the center ci final filamen t at

this durrent I; T,, — temperature which would be establish/installed

at thjs point with this curren t with the uqii~ited increase in the 
S

le;gt h of filament ; T — temperature of the s cticn of filame nt in

qm.stjcn with coordinate z.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~‘~~—~-.--- --~~-- - - --
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The sense of all these temperatures it is coqvenient to

illustrate by the curve/graph (Pig. 3.3),~ which depicts the

dependence TM11 on the length of filament I. at t~e fixed value of

tem peratures on end/leads and constant value of current I. laximu.

temperature 7m* first giow/ nises proportiojel tc the square of the

JeQgtb of specimen/sample, then changes on ccmEcund curve with bend

and, final ly asy.ptoticall~ approaches a directìstraig ht, parallel

axis çf abscissas and by that corresponding TI,.

-)

3

3)
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Pig. 3.3. Dependence of the .axiaui temp eratmr e in conductor with

cu r r e n t  on the length of conduc to r  at the c c n s t a n t  val ue of current

aad the fixed values of temperature on touncaries.

Page 80.

Thus, by changing the length ci filament , it is possible over

wide limits to change difference Tc — T ~i.j 1. It  T~~— r~~ ~~~~~~~ then the

third term in equation i3.3~) can be disregarded , and fr om the

scluticn of the obtaine d eqratfcn to find expressiqn for the

c~eff;cient of the thermal ccnductivity:

a— n” (T c, _ 7)
~~~_

~r• 
~~_11—~~~ 

x (3-37)

This formula was utili2e d in their ezperimemts of Krjshan and

Jane . The use of identity (~ .35) makes it pcssikle tc obtain it in 3
aacthCr form:

a= x1. (3.38)

~ S

)

~ere: I — ope-ratinç current, a~. I~ 
— current which wou ld be

5--- ~~~~~~~~~~~~~~~~~~~~ S -~~~~~ ~~ --—--- -~~~~~~
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necessary in order for the coi~tinucus fiiamtnt of the sa me geometric

and physical parameters to ensure temperature equal to the value of

the temper ature maximu m of rhort filament; ~T~~TM *_ T.

Formula (3.38) was the Lasts Cf the experluenta l invCstigations

ci therual cc4d uctivity, carried out by V . b . LmbE de v, V.. S..

Gumenyuk , and V. Ye. [vançv [3—26). Taking intc accoEnt identity

(3—35k both calculated relationship/ratios can Le wr itten in the for.

a qv(T ,~) _ q~ (T..~)
(3.39)

where q v (T I,) — heat release in the infinitely long filament,

sup~ ljed by the sa me cuzre~ t, as short filament , or , which is the
same , the value of lateral losses, in zehereuce to the uni t volume of

coi~ductor under these ccnditions ; qv(T ~*)— heat release in the
S 

infinjtely long filament , heate d tc the temperature , equal to the

ma x imum t e m p er atu r e of sh cr t filamen t.

the essence of experime nt , thus, is of t h e establishm ent  of a

series of the relationship/ratios, which ~c~ pose the monogram,

presented in Fig. 3—4.

Page ei.

~n experiment with the sufficiently Lcrg mp cimen/sam ple of 

~~~~~~~~~~~~~~~~~~~~~~~~~ -~ S- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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measurement, they make it pcssible to estaUish,install

communicat ion/connectio n between the terperatcre T.. and the physical

properties of substance, which determine beat release in jt and the

dissipation of energy with its suriace UYhis experimep t gjves

single—val ued coamunicaticij,iconnection het~ een current I and S

temperature T,1,, current and heat—liberation value , current and heat

losses. S S

Zxperimeqt with short Epecinem/saiple~ that constitutes the

strict part of the experiment, consists in the measure ment of the

tempe rature distribution in the central -zo;e of ipecim en/sample (T(x)

and of operating current I, which feeds sgecimeiFsenple. Through S

c~.ra~ing current, utili2inç data of the first experiment, we find

qv(T.4.o~ the measurement of m aximu m tem perature T,,~ with the aid of S

curve /grap h I ( T M) ( tlI e  riçht side of the ro mc q za i )  we fi nd the current

!z (whic h during long filament would eusure TI, =T,,g), while on current

we determine qv(T~*). t bus , with gccd running of the treatmen t of

exper4mental material basic errors are detetmi~ ed by an error of

measurement and by the fcrm cI functioral ccnuection qv(T) .

•ne should focus attantign on the degree ci approxi mation of S

calculated relatioish ip/ratios both in V.~ V. of Lebedev and of
S 

~rishuan and Jane, connected with certain irdeterminancy/uncertainty

cf emjssivity factor or resistivity. Pot many materials the

--5--- -S—~ 
-S S - —~~~~~~ 5- - ---—~~~~--~~~~-~~~~~~~~~~~~~~
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paramöters indicated frca pcwertul degree ~~ .ind a; temperature. The )
fcrm ci equations 43.37) and (3.38), it is lcgical, assumes the use

ot th. averaged values of these  coef f icien ts .  I t  can seem on first

glance tha t the interval ci averaging is a ccnp a r ative ly small

S difference in the temperatures T,g—T. However, the an alysis of

derivation makes i t  possible to assert tha t the  inte rval of averaging

is range TmM —T,M. calculaticns sho m that its value, necessary for

providing the conditions of parabolic distribution (smalln ess of the

third term of equation (3.36) ), ca~ reach several hund red degrees.

The advantage ~ formula (3.39) is beta obuicust into it are

introduced the local importance of the covr€spcnding parameters.

4

_____________________________________________________________________________ - -
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S 

Pig.. 3.4. Monogram of ccm.unicaticn/connedtAcns, adjustable on

S different stages of experiment in the methcc of the heated filament.

Page 82.

When it is not possible to prepare sufficient ly long

specimen/sam ple, it is p ossib le  to measu r e the coeffic ient of the rmal

co;ductivity in experimental data mith two short specimen/samples of

different length (3—27]. (Each of the m uust as before satisfy the

requirements of the smallness ci length).

S ~t is real/actual, (3.39) it is possible tc write in the form

Tm~~~~T_ a x 2 (3-40
S wh ere -

a — 
— q

~
, 
~~~~— 2A

After obtaining of two experiaemt~ a1 and a,. it is easy to

calculate the coefficient of the thermal •cnductivity:

I

— S 
~~~~~~~~~~~~~~~~~ _ .-  ~~~~~~~~~~~~~~~~ 

_ S-~~~~~’~~~~- -- —-
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2 = 
1qv(T ~~ j )  — q (T ~ 0) J — 

~~ (T,~p~ ) —q~ (T ..k2) J 3 4i I2( a ~ —a ,) 
. )

~f are examined twc exp er iments  wi th  tLe identica l strength of

heating current, then expr .ssicr in the first brackets in numerator (
becomes equa l to zero; at equalit y maximu m t em p eratures, js equal to

S zero expression in second knackets. The sacc~ d version of treatment

was widely applied by V. V. Lekede v, V. S~ Gumenyuk , ana I. Ye. I

Ivanow [3—26) during the investigaticas of the thermaJ. conductivity

ci tantalum , molybdenum and tungsten.

1
*elationship/ratio (3.111) is correct crly for short tilaments,

i.e., if is fulfilled the inequality

(3-42)

r
This condition substa4tially limits tI~e teiperature limits of

S the proposed method. The maximum value of temperature TI,, at which

still can be obtained the values of elecbrical resistance,l is the

pyrometric cone equivalent and begfnsi i-;g çf the irreversible thermal

defcrmations. In proporticn to the apptoach ,iapproximat ion of the -:

maximu , temperature of the center ci f i lament T~~ to temperature Ti.cpej ~

the area of action ot patakclic law coctiaucus]~ beccmes narrow.

Ibis, for instance, if TI, 3000°K, and ~~~~ 2700°K, then so thbt the left

side çf inequality 43.4~) uculd not exceed lOo,o the right

- - - - - -5-  —~~~~~~
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te.peEature T must not he less than 267C0K. thus, the temperature

interval within limits ci which must be obtained basic experimental

data, must not be sore than 30°k.

Eage 83. 
-

it is logical that the cetenmim atic u in this range of valees a is

connected with co~sideratle errors. ‘10 ob~ aia ar , reliable results at

the temperatures, which approach on 100_20C0C ma x imu m ones, during

the use of this me thod is impossible in principle.

The ccmpl e xit y of a sufficient reliable measurement of

temperatures in the zone ci small in value jump/drop in the center of

specimen/sample forced the authors of the ;amed ab ove vor&s to

develçp the new modification ot method ( 3 — 2 8 3 ,  instituted on the S

study of the electrical resistance of working sectioq. Initial idea

is simple: if the resistivity ci material depends on tem perature,

then at the ki own law of the temperature distrihution in

specimen /sample in the m al ue  of re mista D c e it ii possible to make

guantjtative conclusions. Withcut giving bare i;termediate

liuing,calculat io~ s, let us wr i t e  t h e fina l expression , wh ich

connedts value a in expression (3.110) with the electrical parameters:

. 3S ( R..—R )  (3.43)• 2~p,.4

)
-- ~~~~~~~~~~~~~~~~
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lere: R — resistance of section by le;yth 2xó under conditions

ci working temperature field; p,,, — resistance ci the same section at

coqstant temperature over its length, equal to T,,~; p,,, —

S corresponding value of resistivity; p=-_ .~~._ temperat ur e coefficient

cf electrical resistance, received in ccnstent within the limits of

working temperature int€rval.

S 

I
icr an experiment mith t!o shott speciren,isamples at the

identjcal temperature of center T~ calculated expression for thermal

condudtivity will take the icr.

~~ (1~.-4) f r~ 3443S ’(R,,.._ R1) ( )

With entire attrac tiveness of a similar prccedure, it is not

possible to overestimate its advantage. Is Achilles its heel — in the

need tor “driving in” tempe rature curve in its [lace between

poten*ial diversiop,’taps after a change in the length of

specimen /sample .

-

i

Page 84.

Der ivation (3.44) assumes that neither character the curve nor

co.rd*nate of maximum w ith respEct tc the placer of fixation of

potential derivations d ir l ig  the exchange ci specimen/sa mple change —
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S the requirement, difficultly feasible in practice.

1sti.ati1~g the possibilities ci the met hod of parabcla, one

cannot tail to say abou t the reliability ci thcse measurements which

give basic information for the calculation of thermal conductivity..

As we already spoke, strictly exper iment  regard in g therm al

coqduCtivity consists of the measurement of the temperatur e

distr ;buticn in the zone of its maximum.  ThE obtaine d points in

coordinates Tm~—T and 2 2 serve for determiiing value a, wh ich is

usually located through the slcpe tam çent k~ that smoothing straight 
S

line. During this treatient one ought 4ct tc forget that this

strai~bt line exists only a first appr cximaticn to the real form of

dependence T~~—T~~1(x).In each specific case are mecessary their

estimations of the admissibi l i ty  C f thi s a pp xcac h / a p pr oxia ation. It

is teal/actual, even during satisfaction of ccndition (3.,t2) one

should remember that frcn the surface of filament is lost the heat,

and consequently, in in i t i a l  d i f f e r en t i a l  equ a tion necessary to leave S

the term , which expresses ccmaunicatio~,conr€ctioi of the heat losses

with tempe rature. In linear approach/approzAmatio~, introducing

const~at on the section belig investigated beat—transfer coefficient

s, we come to the distribution of the temperatures of the form

TIC — T• (ch (kx) — 11, (3-45)
ch -y

S -
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where k=y’~~
.__?L; D — thread diameter; I. — lengt h of the section

cn end,leads of which T=T~, while in middle mba ; x 0  T=T,,.~.

After expanding hyperb clic ccsizie iq a senies~ we wibl obtain I
the fqllowing expression:

I

(3-46) 1
where -

a== -!~0~~~~ k1 .
2ch T

Thus, calculated relationship,iratic (3.38) must , strictly speak

w~ tb the ccntraction of the length of lorking section Ax to zero.

41

Page 65.

~orkicg ii~ practic-e with the sectic14 of the finite length x and the

f,.iiite range of temperatures AT, we overstate value a on 4~- x This

error acts to the side ci the understating of data on tbes ma l

coqductivity is greater, the wider the  operating range T,.M—T and than

bigher absolute value of tempe rature. Ibus , fcr iostance, in work 
-

(a—26j for the rod of tantalum with a diameter ci 1 mm wcvkiag

sectiqn reached x—V~~ cm , and the te.peratune drop AT, on which was
S studied a, it was equal to 20001 w hen ’T,,~j—187-5°K. According to rough

estima te for this case, it is possible to accept a*9..11.10 3

1
—1

___ - -~~~~~—-~~~- 5 5 5~~5_~~~ -- - - - -  - - - -
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W/ 4cm 5.deg) and k?aO.89 1/ca’ (all values are cesigned on the data of S)

wpzk t3.263. Then the pcssitle errcx ir d et e r sinat ion of a compose s

~C~.~ 4ojo witn x2=O. 7, 1.480 /0 with x~ =O .2 and 2.220/0 with x ’=0. 3. The

iacr ease of mean temperature of the sectio n bein g iá vest lqated to -$
25000E) (k ’=2.72) wi ll lead to t he systemat ic erro rs , eq ual to with

res pect 2. 27 ; 4.54 and (..8o~o. It is poss;tle tc assume that the

understated data on the thermal conductivity of molybdenu , and

ta~takum, obtained in wcr ks (3.26—3.303, are connected precisely with

this fact. 5)

Pt should be noted that in experiment bit h two short

specimen/samples it is possible, apparently, tc partially exclude

erncr in value a, since intc calculation is introduced difference

Iquation (3.36) leads to interesting results not only in the

case qf very short specimen,samples, bit alsc in the case of 
S

suffiCient ly long filaments. We saw (see fig. 3.3) that with an - S

increase in the length of conductor the difference T..—T,~ can be

made how ccnveniei t to small. Ihis makes it possible to disregard the

second ter m u i  (3.36). Linearizing trcr a kr cwr manner the third

tax., we will obtain egmation ci the type
S 

S ~~~~~~~~~~~ •5 5~~ S -

d’I (347)

S S 5 ~~~~~~~~~-J
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where

4Psq .p3 ~~B=—
~s~

--- 1~~ , ~~~~~~~~~~~~~~~~~~~~

.Lts solution under ccqdition x—~~,8-.Ois the function of the

fp&m 1

• —

ox 4
1 n b =I n A—x ~~~. (3-48)

)

Page 86.

41

Thus, the sl3pe/inclination of straight lim, in coord inates 
-

ln (T,,,~_ T~. x makes it possible to find value V~
, aid from it to

calculate the coefficient of the thermal ccnductivity :

4P.a7’~ 4j
~ 

S5 SB (3-49)

S 
Imissivity factor and specific resi~tance are here averaged in )

interval T—T~~. The accoui~t to the temperature dependen ce of these

parameters leads to expresaic; [3—32]

pP f 4 ~ d ~ns d In 
~\ ‘3-50’ 

)S

‘ ‘
Thus, for the experimental determinaticn of the rmal donductivity 

S

)

S 
-

~~~~~~~~~~~~~~~~~

-

~~
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it is necessary to measure the value of operating current, the

maxim um tempe rature ~~~~~~~ and t he  temperature distribution through

which is located B. The value ci resistivitl is assumed to be known.

The laws governing the exponential temperature distr ibut ion were used

for the first time for determining the coefficient of thermal
3

conductivity of Krishnan and Jane [1—12] which investigated platinum

in the range of i000—18C0°ic . $5

I
At higher temperatures this metbcd used Alien , Glazir and Jordan S

(3—33 3, that measured the thermal conductivity Cf molybden um , )
taz~talun and tungsten. It atst be noted that the sharp divergence of S

the obtained in this work data is caused by the erroneous method of

determining the actual temperature of conductor (3—34] and connected j

with the esser~ce of the method of measuring the thermal conductivity.
5)

lost careful reali2aticn method foun d in L. P. Pilippova ’s works

with colleagues [3.32, 3—35, 3—36], of the investiga ted v~th his aid

a series refractory metals. A laxixum error in L. P. Philipp’s method 
S

is es$i.ated by value 7—9c~ c, which for high— tempera ture m eas ur ements

characterizes this methcd as one of most precise ones. The fact calls 
-

attention to itself that the method is applicabl, precisely in that

range p close to T,,~, where the approach of lczting becomes too rough. )

One cAnnot fail. to note that the successful applicat ion of the method

cf exponential distribution is con recte d in wcrks (3—35 , 3—36 ] with
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S the development of the rpecial dift.re~tial photoelectric pyrometer,

which •ade it possible to raise thc accuracy of the measurements of

small differences in the temperatures.

Page 87.

The special feature/peculiarity of these experiments is the use

ci a special rider, hung up in the zone of ccnstant temperature. The
S beat removal to it leads to s h a p i n g  of the s€cticn of the

disturbance/perturbation, well describe d by exponent. The study of

temperatur e field on working sectic~ before the installation of rider

and after it it allowed the authors to elim inate the effect of the

iccal heterogeneities of temperature field, caused by imperfection of

sl.cimen/saaple.

3.5. Sther methods of study with use ci dj€l€ctnic heating wire of

sp ecimen/ samp les.

Above we indicated the existence of s p e c i f i c

communic at ion/connectio r b e tween  l e n g t h  L of ccrd mctcr  wi th  curren t

aid temperature of its maximum T,. at specit ic  current I (see Fig.

3—3).

~t is turned out that when T,,~—*T.. th is communication/connection

S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5- —— S_~ - S~~_~
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can be used for determicing the coeffic ient of thermal conductivity.

it sutfices, changing the length of filament, tc fix (during

maintenance I=const) change T,~, as on the argle of the slope of

dependence In ~~~~~~ =f ( L)  it is possible to m a k e  calcula tion of the

coefficient of the nmal conductivity. This method they proposed by

Kobushko, Merisov and Ktotk evicb (3.37]. jmiti~al equation (3—34)

under the conditions x=O, T= To; x =L, Tv— To; x~~Lf2 , T=T~~and dT~dx=O and

nader the assum ption ~= ( T ~._T,~) / T.,—~~t h f y  record,write in the form

I “A ( T ~ — T 4 )Lc= __
V ° (D— 1n~), (3-51)

pT~

where B — the little changing in dependence c~ L function
TI

~ I —

Iquat ion (3.51) is actually idfotica& to equation (3~48) ;

S howevCr, approach to ex p er ime n ts w i t h  their use is com plebely

varioms. During the practical use Cf a method , the authors (3.373

propose measurement (T.~—Tm)/ T~.=~ tc replace with the mea surement of

the electrical resistance of the central sectic$ of specimen/sample

R. a-nd R, where R., — resistance at ccrditic~ to the constant

tempe rature T.~ on it, and R — resistance of the same section under

the n~nisothermic conditions, which are changed during a Change in

the cpamon/general/total length cf ccnductcz L.

~n the case of the linear depeidence ci resistivity on

temperature value m and relative resista4ce (R..—R)/R. are connected

- -
~~~
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~ •~f constant coefficient , which makes it possible to process data of
/ R~~— R\

experiment in the form Cf dependence L (Lfl—~~~~ J The corresponding

- 

V ~ / )
ca lcula tion formul a is cbv icus :

~~
= 

‘-
~~~ p  r

O[ d (i~ 
~~~~~~
:

~~~~~

3i’ 
(3-52) 15

where Jo — length of the central section of the specimen/sample, in I

which are conducte d the measurements of temperature. I

A common/general/tctal error in this method according to the

estimations of the authcrs ccmposes ±50/0. It is probable, this is

all th same lower bouncary of possible ezicr. Cue should note the S

1’
large practical ix~converience cf method the ccmparison , fpt example,

with the method of L. P. F ilipçv cr Jane and ICrishnan . Each

experjmental point corresponds to its lei~gtb of speciien,’aample;

judging by the data of wcrk [3—37], of such pcints it is remov e/taken

not less than ten. Nethcd , thus, becomes low—product ive. The

diffic u lty of inversion with the wire spacimen,ssaipl~~, wh ich was at

high te~ perature, is lec also to the fact that in the range of the

h igh  ~higher than 2000°K) temperatures of realizatio n of method is

extre mely hinder/hampered (authors’ not without reason dat a are 
S

lisit•d by a comparatively narrow teap.r~tire interval).

3.ö. Realization of method s of radial teat ±lua in ccn ductors with 
-

cert •m t . I

-

~

- ~~~~~~ ~~~~~~~~~~~5 S~~~~S S - — - - ~~~~~~~~~~~~~~~~~
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As it was shown abcve , at the sufficjemtly lar-je length of

S - ccqductor in the e nerg y b a lance  of central zcnes, participate only

the heat release and the heat losses from lateral surfaces Connection

S between temperature drops in sectici~ aqd the intensity of the heat S
S 

losses of relationship/ratio fcr tbe ccefficient of therma l

conductivity. In t)~e siiplest case for circular or circular cross

section, we deal with ore—dimensional problem . Its mathematica l
5 )

analysis is given in Ch a pter 1.

)
Page 89.

In the case of other qecmetries (for example, rectan gle or ellipse) )
the problem in the general case is two— dimersiceal , althomgh for

sepa rate specific conditions (for example , the strip of very

f~L~e/thin foil) allow/assumes one—d imersicral representation. In

conneCtion with large ores by simplicity a~ c a ccuracy of Calculated

relat 4onsh ip/ratios o ne — d i i en s i c n a l  versicn foun d most wide S

pr~spagation.

One of the f i r s t  it utilized Engel l [3—47) for measuring the

thermal conductivities of nickel and aluminum. In high—temperature

range , it was for the first time realized by Pcvell and Shoffield

J

~

_SS5 5 5 SS

~
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(3—41J, wh ich investigated graphite at temperatures up to 2100°K. It

is woEth examining  the basic torque/mcments of this experiment, ver y

cbaradteristic for similar investicaticns.

The specim en/ sa m ple being investigated , carried out in the form

of thjck— walled tube , was c lamppe d between two water—coole d
electrodes, placed within vacuum cylindrical chamber . The walls

of the latter were cooled by flowing water. End window on

I f4.anga and wizldow in t h e  calera/chamber made it possib le to monitor

s}Iciuen/sample from lateral surface and enc/ face .  Wit h the  dia meter

of spCci.en 2.5 cm , its length was ~5 ca. I b is  çecmetry made it S

S possible to f9rm iscthermal zone by leqgth c~ the order of 20 cm at S

temperatures of approximately 1200°K. A red~cticn in the tempe ratu re

narroved working section and , furthermore , it led to the decrease of

S t emperature differentials according tc the th ickness  of

sp cimen/saaple. Reliable measurements coeld be carried out only at

S the temperatures higher than ~50°C.

S Temperature was measured  by t h e  optica .l pyrometer  w i t h  the
S dizap~earing filament. lb. internal duct of specimen/sample 3 mm in

diameter, overlapped in the wcrking zon e of stcpper made of ceramics

(pr simply anechoic boring tc wcrkii~g zone), was the model of
S blackbcd y and it made it possible tc measure the internal

- temperature.  On the su r f a c e  of spec imen/ samp le , was measured the

temperature brightness. For the caJculat io~ of act ual tem pe rat ur e,

I ~~~~~~~~~~ - _
__ —~~ .~~~- . e-- , - S ~~~~ S
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were drawn the data acccrding to the aonochzcaatic emissivity of

graphite .

S For the calculation of the isolated power, were measu red the

car reut  and a drop in v c lt a g e  U on the w o r k i n g  section L. As

potential de rivations were utilize d the  f in e / t hu  graphite rods ,

sealed by their cold end/leads int c graphite blccks. S

Page 90.

lb. latter were connected by two guart~ rods, which provided the

pE esetvation/reten t i on / i a int a in i o g  af the le~ g t h  of wo rking section

d u r i n g  cha nges in the tempe rature of speciaen,sa.ple. As the first 
S

appro;iaation for calculaticn X, was utili2td relationship/ratio

(1—104) (see Chapter 1) .

the tendency to raise the accnrac~ o~ measureme nts because of an

increase in the working difference in the temperatures assigne d

before Powell and Shoffield the m i~~ icn ot the account to the

tempe rature dependence cf heat- and electrical conduct ivity of

material..

D uring the use of calculated r e la t ionship , ra t ios  of t ype  (1— 10 14)

or of simpler form u la of Engel l (case r=0) 
S

L. s s s S s s _~ S5 S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ S~~~~~~~ S ~~~~
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q15 U’r~
4 (1, — 12) 4L~p (T~ — T-4) /

This problem consisted of the determinatipe of reference temperature

icr X and p. Electrical and geometric measvrenemta made it possible

t c ca lcula te the a verage value of resistiwity ~ -~.SU/ 1L, conn ected with

the temperature distributicu by the means ci the relationship/ratio

I __ I 2r dr
e.f I+ ~~( T — T .J  - (3-u)

Set/assu ming dependences )~(T) and p (T) by linear ones within the

limits of temperature drop in wal l , Powel l a nd Shoff ie ld obtained for

temperature distribution the following expressitu : S

T._ T 1~~~A l + ( ~~~~ ) Ar + -

S + ~~ + II ~4 + 5~ (Ar ) ’ +

+ ~~~~ + 266G’ I45~~ + 59~ (Ar ) ’ + ...
~~

. (3.55)

liere:
)

A— 0’ - _ I d A  I d
4L’A p , U — t = 

~~~ d ‘~ )

5 )

thermal  cond uc t ivi ty and electrical resistance are referred to

temperatur e on the axis ci ccd.

-
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The knowledge temperature curve makes it p ossible to find S

reference temperature T~. From eguatic i~s (3.54) and (3—55) it

follo*s:

Tc — T Q =_ ~~~!~~1+~~4i (Ar2
) +

+ 18a ’ + 23z) + I7~’ (Ar ) ’ + - (3-56)

Two last/latter expressio n make  it possible to calculat e the

difference between refetence temperature and mean arithmet ic

~1I
tempe rature. After  beinc restricted to the f i r s t  ter m , we will

obtain:
_~L~~IL~~~~~~~1 (Ar 2

)~~~~~~~ j  (T e Tf l) ’ . (3-57) 
- 

S

Thus, depending on the relatic~ ship/ratio between the

temperatur e coefficiente of heat— and the electrical condmctivit y the

reference cf the measured electrical res is tance to the mean

arithmetic temperature ci secticn can be accompanied by the error , is

greater, the greater the difference in temperatures 10—T2. Error can

both qverstate and understate findings.

S After determining Pc. frcm equation (3.55) it is possible to

calculate the unknOwn value of therma l conductivity h~.
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jf f or  describing the tempera ture  d i s t r ibu t ion  is are uti l ized

mean lrithmet ic values A..~ and P.c. then expressici~ (3.55) will be

replaced as follows:

T, —T,=Cr 2 
[i — -4--cr _ 8

2~~~(Cr ) ’ — 

S

— 
( 14’~~ — 29u-~~ --— 7~

’) (Cr)~ .4— ...]. (3-58)

where, c—— 4L ’X...p .., -

aesulting expressions are obtained fo r  rod (r1=0) ; the

corresponding series fo r  a duct w i t h  aq inc rease  in the inside radius

co;verge increasingly s lower , w h i c h  ncticea~ ly ccupl icates the

problem of finding the local values of the parameters being

investigated. The metho d of Powell and Shoftield render/showed

effective means th.e investiçation of t he  t h e r m a l  conductiv ity of

gr aphjtes at very h igh temperatures.

Page 12.

It us•d extensivel y R a z o r  and Nac—C ielland [3 — 4 ~~, 3—49 ], that

investigated the ther ua l conductivity of a series of graph ites up to

30000€ , A n akke r  and R e i n h o l d  ( 3—42 , 3~ 144), t h a t  were raise d up to 

-4-_5 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S ~~~~~~~~~~~~~
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i a x in i m  te m peratures of approximat ely 35Q0°C , Strauss (3—145, 3— 146 ]

H and other  researchers.
)

In a series of works  ( 3— 14 5, 3— 4 8 )  a t t er t i o n is dr aw n to not the )

entirely correct method of measuring the tempe rature in the axis of 
S

rod. In specimen/sample is dr i l led the  rad ia l  channe l to bottom of -

which is sighted the optical pyrometer.. It is assmme d that effective

•missjvity factor of this chanrel (with the reference of the measured

te mpe ra tu re  to its bottcm) is equa l  to ca e.. T h e  ana lys is, give n in

Chapte r 2, shows tha t  t h i s  assumptica  wit h -k~ ov; 5

)

S approach/appr ox imation can te accepted cu ly  f o r  graphi tes, and that
)

under conditions of certain limitation of the permissible radial

gradients. In the remain ing  cases t ie  lcngitud i;al ncnisotheraicjty

of pyrc.etnic channel urcccditionally must hE  considered.

interesting fact  is given in iiork of Strauss (3—145). In the zone

cf temperatures of 1000—1200°C during the treatment Cf exper iments ,

it was necessary to accept emissivity factor of the surfade of the

eq ual to un i ty .  O t h e r w i s e  t h e  temperature , leasured cn the bottom of

radial pyrometr ic  channel , prove t c  bed i t se l f  below the  temperature
- of th. surface of specimen/sample. This, i; cur opinio n, prove s, that

even nuder these condi t ions  ( c cm p a r a t i v e l y  s m a l l  temperat a re

dif ferent ia ls)  the effective emissivity of the bottom of davity due

to longitudinal nonisotieruicity was lesser than unity. The

- ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~-- ~~~~~~~~~~~~~~~~~~~~~~~~
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calculation of actual temper a ture  cc axis hE r e required the

in t roduct ion  of correction for the incompleteness of

emissjcn/radiation .

In work with the materials, emissivity f ac to r  of surface of

which noticeably differs fcci. urity and little it is studied, it can

renderjshow the effective method of two sp€ c iaen ~ sampl es 4dif ferent

thick ness)

After processing here  all the measure d parameters in the form of S

the fmnction of the temperature brightness of external wall, it is

possible, by comparing conditicns/aodes wjt~b identical temperature

brightness, to calculate tbermal conductivity, without utilizing data

according to emissivity factor.

Page 93.

it is real/actual, from formula (1—104) for this case it follows: S

~ qv~~—qv,r, - S

~3-59)

where T01 and Ta2 — temperature on inside radii of the rod (in

paitidular, especially cppcrtumity — temperature of the internal

surfaCe of tubes); 9~ and q~,,— heat releases in the

co~ditions,aodes in question: r ... Rz_ ,*If l . . ~~. — the geometric

S S ~~~~~~~~~~~~~~~~~~ 5
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parameters of specimen/samples..

Is especiallyi convenient for treatment the case, when one of

radii of spacimen,lsample is r e t a i n e d  c cr s t ar t / i tv a r i ab le .

As we already ind ica ted , the c i rcular  icim cf the cross section

ci sp*ciaen/sample is not the cnly pcssible during the study thermal

coqdactivity on the section of longitudina l iscthermicity~

As an example of using cther aiifcii/prctiies, it is possible to

indicate the vorks of Lang .uir (3— 413] and ci inuestication of N. P.
S Lcisel.v and I. N. A leyn ikova  ( 3—50].  Here were utilized the

specimen/samples of rec tangular  cross sectic;. It is completely

obvious that under condit icus Cf ccipara~~ v€l~ Email transverse

temperature differentials the problem aUow~assnmes the linearization

of the temperature dependeice cf heat emismicu and the lim itation of

a qu mb er of ter ms of t h e  series, which represert selutior~ un der

these conditions f o r  the selected gecmetry,  can be designed the

coeffjcie~ ts , w hich connect the coefficient of thermal conductivi t y )
with ccmao n,’general/total heat release ii~ lcd and the temperature

differential along airfcil/pr.file.

aomparatively high therma l cc~ ductiviti cf the

e1ectic—co~id uctive materials for which can he used these methods ,

L .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~_ S S 5 S — —.  - - 5  _ —_
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leads to the fact that the acting in s.ctj.cn tempera ture drops are

small6 This fact in combination w i t h  the appr cximate character of

analytical description determines a cc.paratively law accuracy of

results. In experiments [3— SO ] the authors speak about error during

the investigation cf m o l y b d e n u m  20—300 /c in the  range of temperatures

of 2soo—l5qo°Ic. The increase of temperature , increasin g the absolute

value cf working t e m p e r a t u r e  ones , but , on the  other band increases

the system atic error, ccn~ ecte d w i t h  t he  desensitiza tion of problem

by the linea rization of h E a t  exchange.

the developmant of similar works is cctnected wit h the

refin4.ent of theory anc the dEvelcpa ent of technology of scanning

differential pyrometry..

• ‘i

j
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Page 94.

Chapter Pour.

EZEERINENTAL INVE~S1IGAT 10NS QP THE !NAL CON I2tCTIVITT ST MET HOD OP

LONGITUDIN AL HEAT FLUX ~I ?H E X T E R N A L  H E A T  SOURCE .

4.~1. acne of moderate tesperatures. 
--

A large numbe r of experimental data according tc the coefficient

of th ørmal , conductivit y is cbtained by the iethcds of longitudinal 
S

heat flux.. Let us for a reduct icn in the recording call sç the Large

grcup cf the methods, designed for the application/use of the

comparatively long test samples, heat flux in which is directed

predominantly alon g the axis of rod. Their wide applicat ion during

th€ study ci the properties of metals is carse d mainly by the high

thermal conductivity of the latter. Only in comparatively long

S sleci.en/samples in such cases at available to exper imenter h e a t — f l u x

deqsities it is possible tc realize temperature drops, whjch can be

sufficiently accurately measured and , tha t it is not less -

importantly, are referred tc the sufficiently speci fic value of the S

working length of specimen /sample. 
S

H ~~~~~~~~~~~~~~~~~~~~~~~S 5 5 ~~~~~~~~~ 
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Characteristic for the methods in question is the presence in

the cross sections of th~ specimen/sample ci the radia l temperature

gradients, caused by heat exchange with med ium -cc its lateral

S surface.

S The construction of adiabatic irsu3atic~ alcng the surface of S

ncnisqtberaal spec imen/sample in principle is impossib le, it is

possible to speak only about degree of appzcximation to it.. This

essentially d i f fe r s the aetkcds of long i tudinal  hea t f l u x  from the

ega mised in ehapte r 1 cases of the fla t,p iare  un l imi t ed  pl at e with

S iasth .nmal surfaces. The presence ci heat lcsses introduces known
II

~~

isd.t.c.inanclP/uncertainty intc values of the beat flux, measured in

experiment. On the other hard, the b€ndiqq ci isothermal surfaces in

th. cross sections of spe c im en ~ sampl e  r equ ir e s  the ref inement of the

S ze~se ci the temperature drop, measure d between thq isolat~ed points

of spCcimea/sample. Thus, an d n u m e r ator, and dercain ator in the right

side 9f equation (1.22), derived icr the jdealized diagram , require

the specific adjustment, which is çreater, the more intense the

lateral he at exchange .

Page 95.
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Charadteristic for materials with Ugh thermal conduct iv iby is, as

this will be shown below, the low value of the correction, connected

w~tb transverse nonisot berm icity, that makes it possible to disregard

it in the very wide rançe of the realizable in exper iments conditions

of heat exchange. This wakes it possible tc ccnsider p roblem as
S 

cn.—djmensicnal and to direct main efforts icr the organ i~ation of

the reliable measurements of heat fluxes.

In finst vorks [4.1, 4.2, 4.4], carried out the met hod of

l~oqgitudina1 heat flux in the acne of ccaparativel y low temperatures

Ltc 300—400°C), during the weasure tents of the thermal conductivity

ci metals it was assumed that heat exchange wit h mediu m can be

disregarde d and into the calculated relationship/ratio S

~ 
_ ____QL__ (4-i)

VP~~~ I (f ~~— T,)

introduced the heat flux Q, measured either accordin g to net power of

heater or by calorimetric mEasurem ent in ccclet .

In formula (4.1) ?~-~ — mean  value ~f the ccefficient of thermal

cpoductivity in the rançe of temperatur es Tm—Tn; I — the kength of

working section; F — cross—sectional area of spe cimen/ sample.

S For decreasin g heat losses, tb. apecimen/sampie was p laced into

the guard cylinder , on which witit the aid of special heater was

—— ~~~— S 5— ~~~~~~~~ 
_~ _~_ S 5 

~~~~~~~~ S _____
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criatid the coapen satinc teiperature fiaI.d~ This diagra. was utilized

already by Villiaws (4.4] erd 
~
y Dcaaldsoe L4.1).

I
I

the first was used it fot studying the ther.al conductivity of

the alloys of copper anc alu .inum tc 350°rr. The diagra n of its

inatallaticn is given t~ Eig. Li. By the ~cur~ e of heat flux was

elictaical heater 500 W in cower. Two iron—co~astantan theriiocouples 6

aade it possible to aeasure a difterence j .n the te.peratures on the

wGrkieg section of specl.en,saacle 150 Ia ~i length at the diaweter

cf speci.en/sample 25 ~ 1.

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
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Pig. 4.1. Diagra. of installation cf William ( *— * ‘J. 1 —

block~module/unit of heater; 2 — sEeci.en,(saa~ le; 3 
— guar d cylinder ;

4 and 7 — coolers; S — Ieater of g uard cyLinder ; 6 and 8 —
th.rmçcouple.

Page 16.

Cod er 4, cooled by a running water , was utilized as calo~ iaeter. The

temperatur e field of guard cylinder was regilat€d by heatet and

cccler 7.

~t must be noted that the guard c~li*der w ith oqe heater cannot

solve the problem of th~ adiabatic inselatics cf lateral surface,

s~z nce temperature distributioia along it is fcz.,’shaped und er the

effect of beat losses, and coaseque~tly, js characterized by the

speci~ic curvature. Thus, in s~uilaz systell al ways viii cost the

pr blóa of estimation of qrior, caused by the acpltcat ion/use to them

of calculatioq formula 44—i).

iJ
_ _ _  -~~~~ — —- --
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This error thoroughly examined Eode and Pritta (4.3)~ In their

work were utilized the speciien/sa.çles wit) a diameter of 50 and 70

mm in long. Heat flux was created by electrical heater. ?~r the

eliaieation of losses tics it, it was s*irrcunded by co.pensative

~ 
)

heater. ileat flux from sE~cimen/saucle was re.cve/taken by water

cccler. Guard cylinder scrrcunded rp€ciieo/Ea.ple with cláarance 2 mm

and, just as at Donaldscn ard hilliams, it could c~ top be preheated,

but be cooled fro. below. Tke temperat u re state of System was

ac4itqred from readings of thermoccvple , tic of whic h gave the

tesEeratures of the comFensative and basic cf beaters ~respectiveiy

T~1 and T2) (naq) another pair characterized the tempe rature

distrjbutica along the axis of speci.en,’saIEle (T~ and T5) (neq ) two

thermocouples gave temperatures T, and ‘ti, ic ~~~ points o~ guard

cylinder, arrange/located against the working s ctions of

s pecimen/sam pie.

Assuming that the lateral losses are linear relative to a

difference instantaneous values of tea&eratLtes on the surfaces of

s~eci.en/sample and guard cylinder, but G5 t he  end/ f aces of the

sj~ecimen/sample of temperature are ccnstamt (iscthermal beating), the

authors [4.3) obtained the follcwimg ex~ressicr , connectin g the

apparent )..—Q,1/F (Ts—T.) and true )~ at the t~har.al comductiv*ty:

S
—, a~a
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= I + (R, +R~,) ( ~: = ~: + ~: = ~: -~~ 
; 

~~~~

). (4-2)

Page 17.

Bere a 1 and R 11 — p arame ters , which are determine d by the

gecmetry of specimen/sample, b) it~ thermal ccnductivity and the

intensity of lateral heat Exchange; makes sense to write expressions

for them in sore detail:

4~~~~~~~~~•.
D _ ...L 1.3,5 ... -“L — L ffl ~ \ j f l~ ~ 

(44)
R aR f~ 

Ilfl
~~T).COS 7~~~~~ )

~~II

1,3.5 ...

~nw ’t fnn I \cos t - r I s Ia I , - - -~r I d ’.R sR~~~~~ S, / %.
‘T ~j  ~~~~T 4T ~j  !z (p.)

2.4 .6 ,.. 2,4.6
11= 

R ~ 
~

l + L 4
~~ / ( g~)

2.4.6
(4-4)

4
~~~ p 1+~~~ .~

L
~f1 ‘

wh ere p ,~~~n~4L ;f ,(p,) and I(p,J — Eess.l functftn of zerc and first

ccder; B1 — radius of sp ci.en,sam~ le; L— its length; 1 — distance

between the thermocouples, symmetrically arrange/located in
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s~ Eci men/saiple ; ~ — coefficient of beat transfer through the

cl.ar~ nce,, determi ned tic. the eguatioq

__ a (~ .) E,r(Z , Rj _ r ,~(Z). (4.6)

~n the case of a small  clearance, it is possible to Gount  tha t

the cqrvect ion will no ~Gr Er little) ; thee heat transfer will be

determined by the rmal  c o n d u c t i v i t y and emiss ion~ radiat ion.

Coeff;cieqt ~ can be calculated frci exEressio l

a= (4-7) 
:

where ).. — effect ive  th e rm a l  conduct iv it y cf mediu m in the clearance

(iq e~ periences in Bode and Pr itz — gas) ’..

Ea ge 18.

B r c m  formula  44 .2) it follows that 051) under con dit ions of

adiabktic curve on lateral surface (13=T. aid 
~.=T.) the designed for

equatjcn (IL l) value of the coefficient of thermal conducf ivity will

corre*pond to t r u t h .  Oth erwise  it is necessary to introd uce

corredtion. The directicu, formed l~ vctks jt.1—*1.*1), was developed

is th. investigations of Sbcftield [*1.5 ), cf Pc.ell [4.7), of

Armstrong and Dofini (4 .8], con ceal ing  çuj r s  (II .$) ,  Laubitts (*1.9)

and other researchers.

LA
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One should note some specific torque/.ciients of a series of

works/ So, Sh o f f i e l d ( 4,5), but aft€r it and Powell (14.7] they placed

vothiny heater not on end/face, but in the middle of specimen/sample.

During the equalization of thermal resistance tc that and other of

the sjdes of beater heat flux Is identical intc both of Lides and can

be acCurately designed. This recepticn,iprocedure makes it possible to

fcrego compensative heater and to raise the accuracy of measurements

cf heat flux.

A known deficiency,iack in the majority of the enumer ated wor ks

is the calculation of thermal ccnd u cti v ity accoidi~g to a d i fference

in the tempera ture s in two  section s of speciaen,sa.ple. This impedes

the dCtermination of th~ Iccal values Cf the coefficient of therma l

conductivity in the case of its ccapl ex teulerature dependence .

Reference it to mean temp erature dependence . Feference it to m ean

temperature of interval cai~ cause appreciable error. Are exponential

in this respect the resrits of Shotfield pu nickel. At meA n

te.pematures 196, 290, 353 and ‘491°C luIp/diops ~T com posed with

respect to 75, 81, 100 and by 105°C. Ibe a~ ezage values of the

coefficient of the r ma l cc;drctivity gave the here very flat minimu m,

while in the works where the thermal ccndvctivity was averaged in

substantially smaller temperature interval (11.11], is planned shar p

fracture curved ) ( T) .  In wcrk by quinn (4—c with the

preservation/re t en t ion/m a in t a in ing  of the  ccmmcm/general/total 

~~~~~~~ — - - ~~~~~~~~~~~~~~~~~~~~~~~~~~ — -
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diagra, of method with adiatatic insulatio n tbe~ were accepted

measure for a check of the Iccal value cf the temperature grad ient:

in the working zone of specimen/sample were fastened not two, but

four thermocouples.

upper tempera ture limit in the named irstallations was limited

by temperatures of 700_8000C. Purther i~crease Cf temperat ures ever

;ore ecuplicates the prcbie u of developing cf tie adiabatic

iamulstion of the lateral sLrface cf Epecilen/sauple.

H

To a certain degree sore effective is L i c le d to be another path

— assumpticn of heat losses.

Page 19.

In this case, calculated r.laticnsbip/rat~~ s are constructed on the

basis ct the laws, which describe temperature field in systems with

losses. with suffi ciently tine/thin spectuen/saiple s a rad ial

tempe rature differential in them ca~ be disregarded amd considered

pr a blea as one—dimensioral. A similar apprcec h was used already in

the v,rk of Baratt and binther (14—10]. Ci~e of the most elegant

exE.rjmental solutions in this directicn is the wor k of Hogan and

Sawyer (4—Il], that increased operating telterature in its

measurements a p p r o x i m a t e l y  to 1000°C. rr h. schematic of their
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e~ peri.ental installaticn is represented in Pig. to 4.2.

The experimental model , on one of ea~d,1eads of  which is m ounted

the  l~ w—power h eater , which is the scurce ci heat flux, it is placed

alcng the axis of tube furnace in the zone cf constant tem perature.

te.perature field along specimen/sample aed furnace is monitored by

th.r.qcouples. Two current inputs are allowed , furthermore, to pass

throughout specimen/sample current.

at the basis of the derivation of calculated

relationship/ratios, li€,rests the assumpti(; abmiut the fact that the

specime n/sample is the sem i—bounde d rod whcse temperature at infinity

approaches ambient temperature 7,,. In the zcne cf the final

temperature drops between the Epecileri/sauple and the furnace, the

beat iceses of specimen/sample are linearly cc.nnccted with this

jump/drop. Under such ccnditions the lcngjtudinal temperature

distrjbution is described by the exp cnevtial depende nce

T—To =~~(x)  O0e~~ , (4-8)
where — —if2~ iI 2ha = y -~~-•

~f the coefficient of heat exchange a is known , then on two

temperature measurements frcm (4.8) can be found value a, and on it

fri. (4.9) can be determine d the u~ kno~ n ccefticiemt of tker.al

co;dudtivity )~.

a

4
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Fig. 4.2. Ciagram of iastallaticn Cf Hcgam and Sawyer (14 .11]. 1 —

beater — source of heat flux; 2 — specimen,sample; 3 — leveling

cylinder; 4 — insulation,isclation ; 5 — thermocouple ; 6 — heater of

furnace; 7 — jacket of futnace.

I

)

J

-)
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[age 100.

Ibe coefficient of heat exchange a in the wcrk Cf Hoqan and

SaWyer was determi ned experimentally iq exp erim ent wit h the

electrical preheating cf speciien/saiple.. liter measuring the heat

release and the correspcndirg tc it difference in the temperatures

between the specimen/sa.ple and the furnace , it is possible to easily

calculate the coefficient cf heat exchange in krcwn

relat4cnsh ip/ratios.

Characteristic ones for this bork are strict mathemat ical

analysis of problem and the careful experimen tal realization of

aetbo~.

Ccmparing strict sclutioa of the problem cf temp erature

distr ibu tion , that has tie tori

:)
(4-W)

whet. flg — th. ro ots of equat ion nJ 1( n) =hRJ ,Qi), and
;)

)

-J
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with  app roxim ate  re lat icn ship/r at io  ( 14— 8) , the authors show tha t  for

their specific conditio ns (diameter of sp€cimen,sample 6 m m , its

length of aFproximately 30 cm ; )<0.25 cal/ (cmss.deg,) the use of

relationsh ip/ratio (4—8) is connecte d with error in temperatures not

scre than 10/0. The requirement of the linearity of heat losses is
C)

fulfilled first of all becatse of a small d~fierence in the

tempeEatures between the specisenjsaiple a;d the furnace, which does

not e;ceed 5CC. By Hogar and Sawyer were i;vestigated different

steelg. Inconel and nickel in i n t e r v a l  to t e m p e r a t u r e  of 25—1000 °C .
A

The possibility of the sufficiettly strict analytical

descrjp tion of teaperatrre field it tine/thin specimen/samples with

the Newtonian character of heat losses ca l a t e r a l  su r face  flakes it

possi b le t o ut i l iz e other systematic schematics . So, Lippman (4—12]

pzoposed the sufficiently ingenious vezsi~~ cf systematic schematic —

for measuring the longitudinal thermal conductivity Cf thin—walle d -:

tubular specimen/samples.

Tubular specimen/sample is place d i~ f~rnace with temperature

T~. With the aid of guard heaters the tem9erat’ute of jets is
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.aint*ined by identical: T,—T~>T.

Page 101.

inside pipe at an equal distance from Lcth of end/leads, is

introduced small supplementary beater. ~ber it is switched off,

tempe rature field is concave tc furnace because Cf heat losses.

~~cording to the measured temp eratures at end /leads and in the center

of tube, by utilizing tie anal yt ical depeadence 1 (z), it is possible

to determi ne parameter h=a,iX, which characterizes the intensity of

lateral heat exchange.

The second part of the experiment consists of the investigation

of the temperatur e dis t rI b u t ion a1cz~g tube4 w h i c h  arcse with  th e

ccqnected central heater. (~1eimperatures of €nd,ieads are maintained

as be~ ore by constants). In this case, knowing ii, it is possib le to

accurately calculate the value s of the loagitudina l grad ients of

te.pe rature  dT/dz on both  sides of central beater , and hence, after

measuring its power, to determine the ccefficient of thermal

conductivity. Lippman recommen ds his method for temperat ure interval

cf 500—1000°C. Checking •ettod in the specilen/samples of Armc o iron

sbcve d him eff iciency.

the described works sufficiently fully characterize the

L. -
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systematic and technical special teature/peculiarities of the )
exper;mental installaticns of the method of 1c~ gitud inal hea t flux in

th. range of the moderate tempe ratures.

The solution of the prcbl€m of measuring the coefficient of

thermal conductivity by this methoc at higher t em cerat ures 0

(1~ 00-’25O0°c) requires, however, the seripus review both of the

pr inciples of structural sc iution and the essence of systematic

approach. It is possible tc call/name the tcllcuing ba sic problems ,

which appear during tragisitio~ to high temperatures; The first of 2

them js connected with the intensification Cf the chemical

iateraction of struct ura l  materials (heaters , screens,

insulation/isolation, etc.) with the increase Cf temperature. In

coqneotion with this any kind the insulati;g fillings around the

lateral surface of specimen/sample , so/such characterist id for the

zc~e 9f the low and moderate temperatures , t c ccme ex tr emely

undesirable. The traditional schematic cf the execution of working

heater (source of useful heat flux), iqstjtute d on

insulation/isolation of workiag spiral by ceramics, proves to be

barely effective due to rapid change iu working characteristics in

t ime, and at maximum temperatures is generally umrealizable. Heating

specimen/sample in furnace at high temperati~res even in the absence

cf its direct contact with heating eleae~t is ccnnected wjth the

cc~ tamination of specimen/sample b~ the pzcduct n of the sublimation

I
1!
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of the material of heater.

Page 202.

The ideal schematic, which ensures the
0 

prisseEvation/retention/laintainiag of the purit y of the ma terial

bein g invest igated, would be that , wi th wh ich bct specimen/sample

would be surrounded by ccmparativ ely ccld anu s with the darrying out

Cf bracing struts of specimen/sample into its acst cold, nonoperative

part. Space between the specimen/sample and walls must be evacuated.

The method of solut ion  of the problem ci the prctection of

specimen/sample presented is ccnnected aitt the ccmplica t*on of the

ma thematical description of the te m perature distribution in

specimen/sample. Dbis is determ inec by the fact that under the

descrjbed condi tio ns the tempe ra tu r e  f ield lip specimen/sample will be

form/shaped mainly under the effect of radiation heat exchange on its

lateral surface. The nonlinear fcri cf bourda ry conditions does not

make ;t possible tc here find the simplE a~ c convenient for treatment

analytical form of the description of the character cf the

tempe rature distribution , as this occurred in vcrks described above.

In systematic plan/layout tie e x p e r i m e n t  m us t undergo substantial

changes .
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lxper imeqt must be constructed in suob a way that the 1
•easurements could give the values ot heat ilux and longitudinal

gradient of temperatures , In reference to tie specific section of

specimen/sample . This aUcoach was used more than 100 ye ars ago bY I
Forbu (i~— I3 ) for measurin g the therm al coa4~ctivity of metals near

-Irocm temperature. In his experiments was ic~ estIgated in detail the -

longitudinal temperature di str ibutic n it the lcrg rod, hea ted f rom )
c-ne of the end/faces and cod ed Ire. lateral surface. The knowledge

tempexature curve made it pcssibla to calcuLate the values of the

g.radi•nt of the temperatures in an~ sectio u of specimen. surthernore, )

in Epecial experiment with the short cut of rod was remove/taken the

curve of its cooling in this same mediu m . lA th known heat capacity 0

hence it was possible tc calculate the value Cf specif ic losses )
de pending cn tempenature. lie obtained thus date were util ized for

the plotting of curves cf the distributio n cf latera l losses along

the length of rod in basic experiment. Ihe uuk~ cwn heat flow in any

section was computed as sum of losses on the section Qf rod from this

sectiqn to end/lead. By the more detailed acalynis of the work of

Forbs we occupied will not be. This work is interestin g for us not by

i ts results, but is faster as histcnical e x a m p l e  of the successful

sys tema tic approac h, most effective in higb—te .peretur e range.

Page 101.
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4—2. aigh— temperat ure range. Method of electrcmic heating~

lurin g the or ganization of the .easurementl of ther ma l

coqductivity by the metho d cf longitudinal hea~t f l u x  in

high—temperature range gets up a qvesticn cc~ ceruing the effect of

the two—di mensional character ci tempe r ature field in rod. carrying

cu t e ;periment under conditio~s, fcraulated at the end of the

preceding/previous paragraph , we unavcidabl~, will clash wi th the

develcpmen t of radial jamp/drops in te .peratures , the more

~oticeablo, the greater the difference in the temperat ures bet ween

the specimen/sample and the enwircrment.
1.)

I s  it possibLe to count under the~e ccrditio;s the problem of

cne—d jiensional and to use the calculated zelatio~ship/rat ios of
ii

longitudinal meth3d? Answer/response to this questio n is connected

with the solution of the corresponding two-aime ipsional problem. To a

certain degree by it were cccupied ,, for examp le , Tsuy an d Tsou

[iê-1Il j. They calculated the ratio cf radia l heat flux Qr with the

surface of the limited circular cylinder to the colmen/geseral/total

beat flux Q, going into cylinder. It was assumed that the end/faces

ci specime n/sample were iscthermal , and heat exchange with med ium

obeys the law of Newton. Calculaticn was carried out for the values

ci pasameter hR from 0.01 tc 1 and the relative lengths of

specimen/sample L/R=8 and L/E=14. Acceptin g as the criterion of the

)
0 ~~~~~~~~~~~~~~~~~~~~ —— ~0~~~0 0 

1

it
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unidimensicmality of heat flux in rod inequcl it~ Q>4Q., the
- 

autho~s obtain, what for L/b=4 problem canipct he considered as
-J

cne—dj.ensional, beginning with hR~ O.O7, but w h e n  L/R = 8 — already

wjth AR>0.01S. iJ

The work indicated sol ves the which interests us problem only

qualitatively . The chosen ctitezicr of u~idiaensiona lity does no t

amawe r a question concerning possible errors ccnnected wit h heat

exchange on the lateral surface of rod . Strict examination must be

co4structed cn the anal~sis of the field of the gradients of

temperatures in the studied sectios of speciien,ssaaple.

The value of the heat flux dq, passing tbrcm gh arbitraril y I
criented in space area/site di, can be represen ted by the expression

dq..—4.grad,,Tdf. (4-p 4)

J
where n — a direction of standard to area/site df;~~gradJ— normal 

-
~~

ccmpcne nt ci vector of heat flux.

Page 104.

Examining the total flux of heat ç, 9assing through the selected J
cross section of speciaen,sa.ple, it is ppsslble te writer

.4

-~~~~~~~~~~~~~~~~~~~~~~_
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Q =_ 2 ~T ,c
E1.dR T df .  (4-12)

where £~~~— the value ci the coefficient et thermal conductivity,

avsra4ed within the limits ci temperatire dr cp In this section ; F —

crossosactional area. It is obvious that expression ‘~~gf5d11Tdf 0

determines by itself the value of the averaçe Icugit udinal gradient

ci temperatures ji~~,r. which desirable At uculd ~e to obtain on

the basis of measurements. Thea express ion ~4—12) with measure d Q

(this a comparatively simple problem) would make it possib le to

calculate the unkncwn ccefticient Cf thermal ccrductivity Aur,. In

practice the stud y of the field of gradients in a comparat ively

fiqe/thin specimen/sample is virtually impracticable problem. At best

the cçrresponding sensors make it possitle tc chtain the longitudina l

distrjbuticn curve of t€aperatnres either cr surface or on the axis

ci rod. Introduci~ g the local  importance of gradient into the

calculation of the coefficient of the thermal ccnductivitp , we

allow/assume the error

ha (4 13)

calculatio n by which is feasible o~ the basis of the solut ion of the

corresponding boundary— value problem.
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a
Let us assum e that the cylindrical specimen/sample with a radius

of R with a length of L is heated tic. cne of the end/faces and is

cooled by emission/radiatict fxcm rear end.jtace and lateral surface.

S)Bound ary conditions let us write as toilcws :

z=O; r~~r1; — X ~~~=q.; )
(4-14)

r , < r~~ R; — a ~~- =0;

z=L; _
~~~~~hT; (4- i 5)

r =R; _
~~- =M ’. (4-16)

0)

Page 105.

The solution of the placed thus b .uqdary—valme problem can be

written in the form of the series 0

, (r )J. (nw - ~-)41~w (z). (4 17)

where ‘ — T —  relative temperature ;

I 
_ _ _ _ _ _ _ _ _ _ _
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J~ (n~) (n~ + (*R) ’J

(4- .
~
) (4- .‘~)

C

a~— the roots of the egueticn

nht (n) —hRJ. (n) . (4-18)

lork [4—15] shows, that the temperatmre field, described by

expression (4— 17), is characterized by cue impcrtant special

featuve/peculia rity. I t  ccnsists in rapid shaping of the stable

radial airfoil/profile Cf temperat ure duri.u~, removal/dista nce from

bct end/face. Independent of conditicns on End/face during

removal/distance from it Co 11— 1.5) F the temperature distributioq in -

the cross sections of rcd depends coly cu parameter hR and wit h error

not more than 10/a is described by the first term of series (11— 17).
gl

This substantially simplifies the calculation of the possible

error in the estimation of l cn g i t u d i t al  giadi ent .  Duri ng the

measurements of the temperature by the optical pyrometer in the

pyrometric channels, drille d in specim.n/s..ple, the most probable is

chtaining information ahcut the longitu dinal gradient, wh*ch 
-

I
I

I
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correspond s to the axis of rod . In thin case the use of e*
pressio1~

I’4 17) makes it possible to write relationship/ratio (4— 13) as

11=1 — !~ ..J ,(n ) (4-19)

Bith the small ones hE (tc 20C.10 3) with error not more than 
0

C . 1 — 0~ 2o/ 0 Bessel functio n in last,latter Expression it is possible

to replace two first term s of their €xpaasicn ir a series.

Page 106.

Ib is makes it possible to simplify (11— 19) and tc find conv enient

calculated relationship/ratio for the evaluation o.f the rror:

~ 0,25hR — 
~~~~~ ~~~~~ 

0

Betinite interest is of the estiiat.iOD of the aksolute value of

a .radjal jump/drop in t em p e r a t u r e s  Tr~.O_TR~~~ TOI~.

under conditions of the same siip lif i cat iG IS

f 2hR (hR) ’ 1
Tf_ ~=TF~ø 4 + h ~ 4+~P~~J 

(4-21)

_______  
- - 

0)
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Tc Pig. 11—3 , are given the results of calculat icn of 6X and

~T~ R for cylindrical specimen/samp les m ad e  of tungsten an d

taqtalum . The diamete r ci specimen/samples is selected as being equal

to 10 an; the necessar y data on their prope rtie s are under taken from

wcrks [4—16 , 7— 20]. Figure shows t h a t, in spite of the noticeable

value of absolute jump/drcps in temperature in the cross section of $

specimen/sample, the errcr , caused hy the divergence of tke utilized

value of longitudinal gradient from mean with respect to section, is

comparatively smal l and w it h wish can be decreased by  the

introd ucticn of the corresponding correctict. hcvever, in this case,

cne ought not to forget that the irtrodwcticn of this correction is

virtually possible only for the zope of the statilized temperature

profile where a radial temperature differertial is determined by

pillar by the level of heat losses frcm lateral surface.

Thus, the carried out estimations sake it possitle on the whole

to positively solve a guesticn ccncerniog the realization of the idea

ci longitudinal heat flux icr measuring th€ coefficient of thermal

conductivit y in the rançe of very high teulerabtres.

Page 107. H
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tii=i H
Fig. L I . 3 .  Radial temperature ~ ra d ie0nt ~ T in a cyl indr ical

sample with longitudinal thermal flow and the error in the

determination of the coefficient of thermal conductivity.

Material of the sample : 1 — tantalum; 2 — tungsten.

- ~~~~~~ 
__
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One of the first operational versici~s of the corresponding

procedure and installaticn was prolcEe d for the first tine b y  tJ.  L.

tiarot and V. Ye. Peletakiy (~~—20).

The basic torque/moments ot method we will explain on basis Pig.

4—s, that reflects the most ideal and convenient version of proposed

hy them prccedure (4—17). Its corresponding structural/design

e.bcd sent is show n on rig. 4—5.

The specimen/sample ci the material ~e~zng investigated, carried

oct in the form of cylinder with a length Cf L= SC—70 m m and with a

diameter of D=8—12 mm , is suspended on fiac,thir tungsten filaments

in vacuum chamber whose walls are cccled by water. For heating of

specimen/sample, is utilized its b .bardmeut on surface by the

— 

I elsctxcns, source of which are two catbcde systems. Cue of them

(cathgde of lateral heating) provides paver supply tc lateral surface

ci spacimen/sa.ple, another (end cathcde) lakes it pcssibLe to

iadep.nderitly heat it f r c m  cas of the sod/faces. Between cathodes and

thq specimen/sample applied accelerating voltage of 5—10 LV .

Specimen/sample is together with the cathode system of lateral

heating surrounded by the iesh antidynatro r screen (see Chapter 2)

cm which is supplied negative with respect to cathode voltage (to 500

V. thjs same potential has the shielding shielding ring, w h i c h

succoands with small cleara~ ce spEcile11,’saIple rear hot end/face.

q

•0 
~~~~~~ _ _ _
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aigh electric intensity in radial c learance exclwd.s the possibility

cf the inrush/breach of the elec tcc~ s of end ca thode to the lateral

surtace of specime n,saaple. The gecmetry of system end cathode — the

electrode — guard ring — specimen/sample near the cathode creates the

el€ct~ ic field whose corfiguraticn provides the necessary focusing of
0 )

electron beam on t h e  enc/tace ci specimen/sample.

The geometry of system suppresscr grid — the filament of lateral

ca thode — specimen/s a m p l e , cr1 the contrary, leads to the spread of

elqctrcns over the lateral surface of speci.en,saaple. The system of

the suspens ion of specime n/sample, !hich siiultaneousl y plays the

rcle qf current input tc it , is shie].d d by t~ e aupple .en$ary screen,

ccqnected with the line of high voltage by separate electr ical lead.

This screen iqtercepts the electrcps cf the high energies, which

burst cper~ through the antidynatron to riding—crcp tc the side of the

system of suspe nsion.

C

1

~~.L. - ---_~~ ~~~~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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ijg. 4—4. Schematic diacran of the method cf electronic heating

(4— 17] . 1 — en d cathode; 2 — shiel di ng rin g ;  3 — system o~ the

susp ension of specimen/sample ; 4 — screen ci the protect ion of t’e (1
system of suspension; S — actidynatron screen; ~ — speci me n ; 7 —
cathode of lateral heating ; 8 — housing of unit.

Page 108. 
0

The described system makes it possiblm tc realize the

ccnditions, necessary icr meas urement of twc values — specific

rad ian t  f lows  from the surface of speciaea,isasple q. (T) an d str ictly

the c9efficient of thermal ccnccctivity.

It is teal/actual let us assume that the lateral cathode is

suitched off. Works onl ,~ e~ d cathode. Energy of electron beam ,

isolated on the end/face cf specimen /sample , is transferred along it

- - 0 —~~~~~ 
•0 -  —
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becauae of thermal condrctivit y and is scatterec by

euissjCn/radiation from lateral surface and cold end /facet
I

~n steady state this process leads to shaping of the specific

temperature field characterize d by a decreare ii~ the temperature from

h-at to cold eqd/face. Let us alIcw in the first apprczimation , that

radia l tempe rature differentials can be di sre garded and fjeld is

cne—djmensicnal: T (z). Then the equaticn of heat talance for the
3

section of specimen/sample tron the cold end/tece z=L to cross

section with coordinate z can he writtet it the form )

aF gradz T=~ D~~qa dz+ Pq, (T~) ,  (4-22)

i.e. entire heat flux , which entered through the selected section the

isciated part of the specimen /sample , is eçual to the su m of heat

losse s f ro m the surface, which limits its this part.

—~~~~~~~~ -— : - 
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pig. ~—5. Working secticn ci the irstal1ati~~ cf D. L. Tisrot and V.

Ted Peletskiy (4—17). 1 — spec i me n,~ aup l a; ~ 
— cathode of lateral

heatioç; 3 — an tid y n a tr cn  w ire screen;  4 — s s s e m h l y  of end cat hode; S

— mounting flange ; 6 — tubular insulator of the syst em of suspension;

7 — arm of the system of suspersiop; 8 — screen of arm.

Page 109.

Calculated relatiouship/ratic for the ooefficient of thermal

coDduc tivi ty takes the f c r m

L+D/3
4 5 q1dz

a = D grad , T (4 23)

Thus, if in e x p er im ent we measure d T42) an d q, (T) then these

da ta are sufficient for determining the local value of the

- - _ _ _  -~~~~~-~~~~~ ____ -.-- - - --——.0 0 - — —- - -.~~ - 0- - -- ----~~~~~~~~~
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coeffic ient of thermal ccnductivity . Ccrrecticnm , whic h cgns ider t he

tuo—d&aensional character cf prcbl€ u , can 1€ ivtrcduced to the basis

ci the given above anal)sis. Under the conditlom of the introduction

in (4—22) of mean longitudi ral gradient , tt € coeffic ient of heat

O cc;dudtivity must be referred to mean temperature of sectjon

r — Tr_ .

2
+TR The r e c o r d i n g  of u p p e r  i o teg r a t i cn  l i m i t  in t he form of

su m LCV/4 makes it possible tg uniformly ccrsid€r the contribution of

l~csses from cold end/face.
)

0 For measuring the temperature in specimen,’sa m ple, a re dr i l led

sever ti ra d ial pyrcu e t r ic c ha nr e l s of a sma l l d iame ter (0~ 5—1 mm) not
)

less than 5—6 diameters deep . Ihe se  channels ma ke it possible to

simula te in the separate sections cf spEcimen/sample blach body and )

t h er e by  they mak e it poss ih l e  in w c r k  w i t h  the cpt ical pyrome ter to

study the field of actual tempe ratures ii~ specimen/sample.

The stud y of the tempe rature dependence of  specific radiation

losses is carried out by pi to the work of lateral cathode (sometimes

for equali zation q.f temperature field — ii coihinatica wi~ b end). In

this dase, besides tempera ture , are ueasurec also complete emissive

curren t I, caught into specimen /sample , and accelerating voltage U,

and also the elect r ical power  of c a t h o d e~.. In ~teady state entire/all

conducted/supplied to speciien~ sample power Is expend/consumed on

emission/radiation (by work furctic~ of electucis, b y  losses to

A
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2—rad~ ation, by the dissipation of energy it clearance cathode — the

anode with vacuum 10
_
s mm Hg with accelerating voltages of 5—10 kY it

0)

is possible to disregard) . Feat withdrawal cn the filament s of

suspension (tungst.en wire 0 . 1 —C . 2  m u in diameter) can be disregarded.

Under these conditions the energy talance içpears as follows:

U! + ~Qw q. (T) 4s, (4-24) 
0 )

where ~~~~~ radiant  f l u x  f r o m  cathodes , pe rce ived  by 0 )

specimen/sample ; S — s u r f a c e  of sp e c im en / s a mp l e .  ‘ 

I

1)
Page 110.

If is calcelated the averag , value .f sç.citic radiation in this

con di$ion~/mode q. =( U1±&Q)/s , whet. t~Q r-=t&Qa — S. X(Q.-_~~); q.— the

specific radiation of blackbody; Sb — total surface cf the cross

s.ctiç.ns of pyrometric channels , then, as shown in (4— 17], q~ and q0
I

they lust be referred tc mean temperature determined by the

relat4onship I
r =[ -~

_ 
~r (s) dsf ’~. (4-25)

The error, connected wi th  this character of averaging , will not
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emceed O.05—0.~to/o.

Let us note that this par t of the exp e r iment has in dependent

va lue s since it ma kes it possible to ok tai~ t he  im portan t

characteristic of material — integral hemispheric emissivity factor.

Ibe latter can be found f r o m  the t c r m u l a

~~~ [I 
...4 (!!~ ~~1)]. (4.26)

where . — constant of stefama — Bcitz.arn ’s law; T — tem perature

calculated according to equation (11—25) . 
0

m e  should indicatE the pcssibility in pri;cipl. of another typ e J
that jnstituted on equatic a (4—23) . Let us emauine the differential

equation (in one—dimensional approacb/apprcxi.aticn), whic h describes

the process of thermal conductivity under ccnditicns of the

€xperj.ent in question:

~~~~ (a 
~

) — sDq,=O. (4-27)

m tilizing the knour ccnuersioa

J

_ _ _ _ _ _ _0

~~~~~~ 
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d ~d q d T Q  dg
~~~~ 

(— q)= — 
~r~~~~r ~r’ )

where g = — a ~~- —  ~ e a t —t l u a  c ens i t y,  it is pcssible  tc lead (4—27) to

the 1cm 0

- -I
dqz= -~~- Aq, dT. (4-28)

0)

Page 111.

Approximating the radiation lcsses by the exponential function

cf for .  q~=AT ~ and af ter  passing tc the  t o t a l  f l u x  t h rough  section

- - we will obtain: -

_ _ _ _  (4~~ ’9)d (q17) 2(n -4.1f

Thus, the derivative of the square of leat f lux  on tie product

of sp*cific losses to temperature is directly pxcportional to the

true coefficient of the thermal copductixity ot substance.- T he

exper~.ental data, processed in c c c r d ln a tes Q~ 
aid q~T, lust be

• placed to the curves whcse curvature is determired by the temperature

)

H
0 ~~ OO ~~~~~~~~~~~ ~~~~~~~~~~~~-
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course of the coefficient of therm al ccrducti wity. For the small

istervals cf temperature in which the th erm al ccnduc tivity virtually

rem a ins constant, it is possible to Expect the linear de pendence Q,’ H
c~ q~T. - It is rea l/ ac tua l, a f t e r  in t e gr a t in g  (4 . 29) , we will obtain:

= 2 I) ~(q~T) ~~~~~~~, (4.30)

where C — constant, wh ich ccns iders boun d ary ccmd iticns; Q~~~
— the

total flux of heit in scme section at tEmp erature 1; 9.— specific

ra dia ct flux at this teiperature.

l ax imum relative er r o r  of the determicatioi of the coefficient

of thörmal conductivity by the described me thod lie/rests within

limits of 10—150/0 for the ~verag€ zones of specimen/sampLe at the

ra nge ci temp .ratuves tc 2500—2800°K. By this method wer e carried out

the measuremen ts of the coeff icien t of the th e r m a l  con ductivity of

tengsten (in the ipterval of temperatures ci 12C0—3000°K (7—20 ]),

zircocium (1200—1900° K [4—17]) , njcbjum (1IICO—23000K (4— 18]),

taptaku . (1300—29a0°K (4—16)), hafnium (13C0—2CCO°k (4—19]) and other -

metals and th. alloys.

The version of procedure presented , providing simplic ity and

• sufficient reliability ci experi.evt, and aDc its high prod uctivity,

at th. same t im e possesses the n umb er of defici ency/lacks.
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Sc, in particular , lower m easur eme nt ran ge was limited by

temperature of 1300—1200°K. ftth approac.h tc it. already from

te.peratures of 1500— 1 llO0°E noticeably grou,rcse the error: a

reduct ion in the intensity cf radiant beat emission was led with

these temperatures to the dectease ci lci~q itudiral hea t fluxes and

the increase of error in the determination ci temperat ure gradients.

Ca thö other han d, measure.ent witt saxinvu tem peratures they

hi;dered due to the shielding effect of circular reflector. And if

during measurement s q.(T) circular reflector could with wish be

abstr&ct/reaoved from specimen ,sample, then in experimen t with end

heating its pre~~nce was necessary. In connectica with this the va lue

of th~ actually lost racia;t thermal flux decreased more noticeably

th. nearer to this ring was arrange/located the cell/element being

investigated on surface ci specimev/sa.ple. In the first

appro;imat.ion, this charge coul d be taken irto account by the

correction x of the fcrm

J
_ _ _ _ _
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g~~== q,(I—x) ;

x -1
~~~

j - cos’ (4-31)

0~~

Uere: I-. — the length at the ring of reflector ; D.— its 
1

djameter; q1— its own rpecitic emiseica/raciatiop from its surface ,

turned to specimen/sample; ~=arctg ~tare x— distance from

reflector to the circular cell,ale.ent of tbe specimen/sample, for

which is examined the energy balance; e— emissivit y factor of this

cell/Slement.
)

lerived by the method of relationshi p ci prolections (2—60] )

formula ( 14—31) mak es it possible to faster c~rly rate/estimate the

character ci a change in the ccrrectio.n alcag the length of

specimen/sample (in the raqge, exter nal wi t h res pect to r ing), rather

than ~o give its sufficiently precise value. The study of formula

(14—31) shows that already during approach/app rcximat ion to the zone

ci reflector for  the d istance , equal to three clearances , the

correction cai have noticeatle value a~md It~ introduct ion

ccmpuksorily. The presence of the shielded zcne wear hot end/face

narrows the wor king zone ci specime l/saupLe and with respect

n.tic*ably is decreased uppe r temperature kcuqdary of reliable data.

______________ - — - - --
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To a certain degree with this, it is pcssjbie to reconcile, since the

large par t of the zcn e, being the secticn ci shaping of temperature

profile , nevertheless must ~e reject/thrown. Hc~ever, can be found

other, more effective sclutioqs.

[age 113.

Cns should indicate one additional deficiency/lack in the first

versiqn. Any change in an expenim ert ii integral emissivit y factor

immediately will lead tc the error in the •easurements of thermal

coiductivity, to reveal~ detect this change is stificiently difficult.

One of the paths is here checking thermal talance , instituted on

assumgtion about equality the intrcduce d intc cad/face thermal )

electr cn ic power (mea sure d ~.itb error not •cre than 2—30/0) and

leakage flux from an entire surface of speci.en,sample . However, the

informa tion of this balance is hinder /hampered , since under

coqditions of heating from end/facq the larçe pert of radiant energy

is scattered precisely ftc. thcse most heated zca es , tem perature

~~cck of wh ich is vir tua l l y  imposs ib le (hot e nd,face and the shielded

zo ie ~f shapiqg ot temperature profile). At the sa.e time a change of

em issjvity factor due to the chemical interactica of the material of

specimen/sample with residual gases can be cbsetved prec isely in the

range of •cdera te temperatures (1O00— 1~ 00°8)t1ie contribu tion by

emissica/radiation of which to total energy Lalauce is ver y small.

)

-1

-~ -- - - -- - -—~~~~~~~ - - -~~~-
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- Output from the difficulties indic ated is the direct measure ment of )

the wqrking heat fluxes, returned fzc. cold ead,face and lateral

s u r f a c e  of spec imen/sample.

On Figs. ~4-6 and 4—7,, are represented schematic diagram and the
)

consteuction/design of the korking section ci experimental -

installation of V. Te. Feletskiy and Ta. a. SoLd ’, created taking

intc Account the given requirementa .

)

j
L -
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Fig. 8—6. Schematic diagram of installatio n of 1. le. Peletskiy and

Ia. G~ Sobol’. 1 — theric metric sensor (dif~ erential thernopile) ; 2 —

housing of calorimeter; 3 — ampule ; is — specimen/sample; S — screen; C’)
— fqcusing electrode; 7 — cathode assembl~1.

[age 1114.

Experimental model by cne of its end/leads is att ached in the

special ampule , ma de f r c m  th e  sta in less st e e l , wit h copper cap. The

cap of ampule screws itself intc the w cr king zone of the water

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _
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coi~tinuous—flow calorimeter whcse internal Leaker is made from

ccpper.. Threaded cgnnecticn together with cc$tact on end of surface

they provide low thermal resistance ietwaen the cap of ampule and the

calor;meter, which makes it possible tc supp .zt here sufficiently low )

temperature (300— 1I000K).
I

The uppe r plane of the cap of amp u le  de te rm ines  b y it self the

working section of the specimen /sample in which are conducted the

me asurements of heat flux an d gradient of temperatures. For the

pxctection of calorimetric part of radiant fluxes from the lateral -
~~~~

surface of the zon e of spec ime n/sample, which protru des above the

cap,  &nd the cutoff of energy flows of cathode assembly the

protruding part of the specime n/sample is surrounde d by the massive

water.Mcooled copper screen. Its lower plane disengages the cap of

ampule the minimum clearance (O.5—C.8 mm ), fixe d/recor ded with the

aid of the setting drum , ma de from organic Slass. The

co4strUction/design of tt€ point ci attachient of screen and its

installaticn relative tc the cap o.f ampule is selected so that to

ensure considerabLe thermal resistance beticen them. This makes it ‘Th

possible tc exclud e the errcr , connecte d with the change—over of heat

by thermal conductivity ftc. screen to calcrim€ter or vice versa.

The length (height,altitude) of screen is deter mined by the need

for the arrangewent/positicr ahove the wotling mecticu of the

- - _
~~~~~~,-, ~~~~~~~~~~~~ - .  - ~~~~~- n ~~~~~rtnrt

_ r-~
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spCcimen/sa.ple oz~e or two Cl the pyncietric channels, necessary for )

the reliable measurement of temperature field. Furthermore , as shown

a bove, these channels must he located in the zcne of the termed 
-

temperature profile. This requireme4t with respect increases the

necessary length of screen hut that means and of the nonoperative

par t cf the specimen/sample) . Virtually depending on the donditions

o~ the focusiqg of electron beam ci the end,face of specimen/sample,

t he  length of the zone ct shielding lie/rests within limits (1—1.2) D. 
-

Loper thaq working section specimen/sample has en additional two

radial pyrometric channels. <
~~~~~er ent Ire length of wcrking zone

(ftcm lowe r to upper pyrometric channel) the cap of am pu le and screen 
-

have radial slot 1.2—1.5 ii in widE .

I

-I 
-- — —~~ - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I

Fig. 4—7. working secticn ci installaticq ci V. Ye. Peletskiy and Ta.

G. Sobol’. 1 — the i mometr ic  sensor;  2 — housing of calorimeter; 3 —
a.spul* of specilnen /sanple; 4 — speci.eip,’saiile ; 5 — screen ; 6 —
insulator of cathode system; 7 — flange of the focusin g eLectrode; 8

— flange of cathode assembly.

[age 115.

Cns shculd emphasi ze the value ci the ampule: with a com paratively

short specimeq/sample (about 70 mm) it, possessing high ther mal

~ 

~~~~~~-—~~~~~~~~~~~~ 
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resistiance, makes it possible to ra ise  the t em p e r a ture of the “cold”

end/face of specimen/sample on several hundred degrees above the

temperature of calorimeter itsElf. Chai~ginq  the therma l resistance of

ampule (both selection cf material and by tie gec.etry), we can over

wide limit s affect the ]evel of the gradierts of temperature in the

wprking section of specimen/sample. One should note also that this

measuring circuit allow,assunes the use of radiation screening of

specimen/sample and thereby it makes it possible te change the

re lationship/ratio between lateral losses and lcngit ud inah heat flux.

Calorimetric beaker in upper part has contraction into which is

introduced thermometric sensor. Sensitiwe element it is mmlticleavage

differential therngcouple (coppec-constantin , or chromel— Copel), the

regulises cf joints of khich are derived on the axis of channe ls for

feed and derivatio n of water in ca]cnimetei . Water first enters from

the thermostat through the small tank cf the fixed level into

e4xternal radial clearance of calorimetric Leaker , then washes

intermal copper beaker — heat receiver and is derive,concLuded from

the calori meter th rough the central openiag~aperture of

temperature—sensitive element.

lurin g calibration into caicrimeter Instead of the

specimen/sample, is introduced special beater. ~he~ are measured the

consumption of water (by the gravi .etric method), of enf of

A 
j 

- - L~ T T L  —
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temperature—sensitive element (by p otentiometer P), of the

te.perature of the beaker of calorimeter and wall of vacua.

water—cooled chamber. Is .critcred the te.peratnre of screen.

ab These data are sufficient in order tc ohtain the information about

thq heat flow, intçoduced in to  the calorimet r ic system through the

working section of specimeu,sauple in basic  e xp e r i m e n t, wjtb accuracy

not wçrse ±(2-3)o/o.

Hea ting specimen/sample , as in. the preceding/prev ious version,

it is realized by the electcons, accelerate d by elec tric field.

EIectzcn source is filamentary tungsten cathode . Accelerating voltage

is supplied from the high—voltage rectifier E~ (see Fig. ~—6).

Focusing is provided with the aid of the governing circular

electrode, to which is suppl ie d ne’~ative displacement fro. rectifier

~~~ Cathode assembly is faste;ed tc the mo unting flange of screen

with the aid of tubular insulators.. In experiments the assigned

coiditions,.ode is monitore d with the aid ci kilovoltietex kY and

aamet tr A1, shielded by interlcck syste m B.

Calculation of the coefficient beat ~ c du c t i vity  of work dur ing

this installation is peifcnmed cn the Lasts ci equat ion (~—12) , in

which value Q exists the heat flux , measured by calorimete r and

_ e~~ - — —
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corrected taking into account corrections. ftc latter are connected

mainly  wit h a difference in radiant fluxes intc radial clearances

specimen/sample — the cap of calorimeter tc the side of screen and

specimen/sample — screen to the side of caicrimeter. Difference is

caused by the presence ci the gradient of temperatures in

specimenjsample.

Illo~ ance is calculate d on  t h e  basis ci the  data on the

cceff;cie4ts of the irradiance of system [2— 4, 2— 17. 4—201 indicated.

Fage 116.

The described installation prcvides hlçber accuracy and the

reliabilit y of experimen tal data. A maxi m um systematic error in the

results lie/rests within h u t s  j~~..5-~ ) pjc. Its considerable

pcrtiqn is caused by th€ systematic error in the determination of the

longitudinal gradient of temperatures, whjcb is found  in this case

(during the use of a .icrcp)ro meter of the type ONP— 054) in range

•(4— 4~ 5)o/o. The scatter cf points at separate investigatjon

lie/rests within limits f(4—5)o/o. Peproducitility between the

series, cond ucted with differen t sp€ci.eu,/semples of one an d the same

.aterjal, also is placed iu this value.

The experience, acguired in work dur~~rg installations with

-
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electronic heating, makes it pcssihle tc assert that and in the range

of high tem peratures, the metbcd of lo~ gitudioal heat flu; in the

eçpropriate formulation can be the effective instrument for studying

the cQefficient of the tFermal ccn ductivity of metals and alloys,

wh ich are not inferior cn accuracy to the Lest versicus o~ other

procedural approaches.

)

)

)

- - - i
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Cbapt~ r Five.

HIGH—!UIPEFATURE STUDIES OE RESISTflITY.

5—1. Ghm ’s law and its vse in experiment.

As is k nown, specific conductivit y • in anisotropic body in the

general case is tensor of seccnd order and ccLrects vector of density

Cf electric curren t b and the ve ctor of el ec t r i c  intensity E1 by

the r4lationship

f~=ae,~ (1, k=1 , 2,3). (54)

The matrix/die, to the teciprccal matrix of specific

conductivity, det~ ru ines b~ itself the tenscr cf resistivity p
~.

that makin g it possibl€ to ccntect the value of intensity/strength

and electric current density :

E~=p~,j (i,k~~~1 , 2,3). (52)

sage 1 17.

h a  both formulas the repeated index k is the index ~f

additjcn). It is obvious that for isotrcpic materials • and p they

---- 
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are scalar quantities. Ihis substantially siiphifies the ir

measurement a~d the calculatico of current distributio n in bodies.

Equat ions (5— 1) and (5—2), that determine specific conductivity

and specific resistance , cannot be directl~ use c as the basis of

ezperjaent al procedure. they must be supplemented by the equation,

which determines the distribution of electric pctent ial in the bod y

in question. Such eguatic n, as is kncwn , 3. S the equation of

coi~tiouity (expressing conditic t Cf ccnsexvatic; of charge), which in

the case of stead y currents takes the form of the equation of Laplace

ldv—0 .
)

For a uniform linear ccnduc tor by secticn 5, loaded b y curren t, )
the soluticn of boundar~—value problem especially simple allows,

)

after measuring total cnrrent I and a drop ixp voltage U V ,—V 2 on

sectiçn x2—x 1=L, to calculate the unkncwn value of specific

resistance:

‘us - 
- -

- - (5-s)
p

Let us note that in this case tc lateral surface of the

cc~ ductor of leakage of curren t arc assume c tc he equal to zero, -:

i.e., ~ .L .o. T~ im condi tion is equivalent tc the assum ption about

the adiabatic iualation of system in problems in thermal

A
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cond uctivity. In the preceding/previous chatters we saw, which m ore

diffiCulty causes the realization of this ccrdition in stmdies of the

cosffjcient of thermal ccnductivity. During the  measurements of

elictzical coqd uctivity, the situation is substantially simpler. The

levels of the specific conductivity ci different materials are

distiaguished on man y orders, and the ~uf*icien tly strict realization

Cf the boundary copditicns in guestion is nct amy complex problem.

This jn turn , determine the possibility of the Essential increase of

accuracy during the measuremeqts of elec~tical conductivity. So, for

the problen , formulated atcve (and •cst by frequently utilized during

measurements), the systemat ic  errcr s , ccnae ct e d  with the inaccurate

realilation of boundary conditions , are vir tually absent.

Page 118.

The error for experiment determines errcrs ci measurement of

difference potentials 6U, tctal current 61 and the geometric

dimensions of cond uctor by length ÔL with cross—sect ional area 6S.

Dur inq the precision analysis Cf tte ccnductivity of condmctive

materjals (metals and alloys) most wide pzcpagation will obtain

compensative measuring cincnits with direct current. Here

copsacutively with the specimen/sample being investiga ted is included

specimen qor.al resista;ce, aud in the working zc~ e cf

specimen/sample by fine~ tba r ccnductors axe made two potential

~~~~~~~~~
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derivations. This schematic makes it p o ss iL l e  one and the same

patentiometer to measurE voltage dzops across specimen resistance and

wcrkiog section of specimen,sample and to eli.1nate the effect of

contaCt resistance in the places of the cocrection of meas uring

meters. The commut ation of mea surirç current makes it possible to

eliminate in this case the effect ci parasitic thermoe lectromotive

force in metering circuits.

The contemporary pctenticimeters of direct current provide

accuracy tc the thousandth fields of percentaçe , and specimen coils —

to 0.010/0. ‘Ibus, the measurement of elect rical resistance R=U/I of

wozkimg section can be carried out kith ezrcr fica several hundredth

to the teqths of percentage. Let us note tb~ t in this case is )

in dif ~ erent the level of temperature of sQeci.eu/sam ple. The

calculation of specific resistance is connected with the use of

results of the  measurements of the çecietcy Cf specime n/sample. With

not tço small size/diuensioms its correspoipding errors alto can be

sufficiently small.

The object/subject of special studies is the temperat ure

dependence of conductivity . If specimell,’saIEle is nonisotheruic,

arises the question conceiqi ng the calculatic ; Cf the re ference )

temperature of the specific conductivity, des ign e d on the total

resistance of section. With the known character of tem pe ra ture field ,

)



)

* 78133105 PA G E ~~0-’

this Eces not cause difficulties and it can be carried outs with

seffidiently high accuracy.

~n summary simplicity and reliabilit y cf the realization of most

sjmpl• boundary conditions in cc.biqaticn with high precision of

instruments for measuring of electric currents and vcltages create

the prereq uisites for tie pr€cisicr mea sureients of the specific

conductivity of materials in all irterval ci temperatures.
_~1

Page 119. )

Diff icul t ies, with which we ccllide in high— temperatur e range, are

caused by the common/general/total prollem s of high— temperature

techn4gues related to making more active of the processes of

destroying (change) in material, tie ccmplezity of the creation of

the assigned type of temperature distributicn a~ d its reliable

•easuremeqt. Even in the simplest iethcds these factcrs sometimes

bcccme deteraianing. We will consider, for e~ a.ple, experiment in the

vi ta specimen/sa.ples, t ea te d by tie passiiç current.

The strong dependence ci the electrical resista nce o€ the

sajor4ty of materials or temperature imposes stringent requirements

to th. reliability of tie detetuinatic; of teaçeratura of reference.

In the range of high tem peratures, this pcckle . is scived mainly
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methods of optical pyroaetr~, which require the knowledge of

enissjvity factor of •aterial.

The essential dependence ci tie latter ci the physicochemical H
aed mechanical states bi that radiating surface ccnd uctot forces to

carry out vacuu m—thermal treatment of s p e c i u e n ,’sample,

i a in t a i nj w i t h s t a nd in g  it s u f f i c i e n t l y  icr long  wit h very h igh

temperatures in fine vacuum. In this case, it is necessary to

ccpsider the action of two effects: collecting recrystalljzation and

the sublimation of material. The ccnsequence of the first can be the 
- -

disturbance/breakdown of tic physical unif crmit l of cond uctor, caused

by the mut ual shif t/shear of the separate crystallit es, which grew

for  all the section of specimen/sample (5—1). In  th is  case resistance

cf conductor noticeably grov/rises; the calculation of specific

reeistance becomes complicate d due to the indeterminancy ,’uncertaint y

ci shape ~~ctor.

Th~ 5econd effect, on cne han d, leads to a chan ge in the

ui CEoEOUghness of speciien,’sample (and , cp;segueutly, of its

emissjvity factor) , bu t on the other hand — changes its cross

sectiqn. With te.perature rise, the rate of t h i s  change can become

so/such essential, that it will exclud, the pcssibility of the

-~ no nautamated (by the va~ speaking~ ncw most precise) measurements of

the electrical parameters. The calculation ci specific conductivit y

—
~~~~~~~~~
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under these conditions requires cccling specimen/sample and

measurement of its geometry after each MhotN couditiop s/mode.

-3

The action of the factcrs indicated is exhibited mo re

p o w e r f u l l y ,  the thinner the conductor , respite the fact that the

suppressing number of reference data cn the electrical resistance of

metals in high— temperatcre range ottained precisely in wire j
specimen/samples, was necessary precaution when selecting and

realization of this metiod.

)

Page 120.
)

The action of the lactcrs indicated is exhibited much mor e

weakly dur ing the use of massive speci.en/~a.ples.

~t is certain, the realization of beating specimen/shaple by the

direct/straight passage of current here beccues unsuitable. On one

h~aqd , this is connected viti a sharp increase ci the strength of

c~rremt (to severa l thousaqd amperes), with ancther — with the need

for c~naiderable increase in the lei~gtb of specimen/sample for

decrease to the acceptable value of the degree ci the

ncqis~thernicity of wonking section. Experiment can be placed in 3
compasatively short speciien/saiples, heated because of external

somrc*s. This somewhat coiplicates the constcuc ticn/desigo of
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installaticn; howe ver , guarantees fi gher accuracy of measurements. An

increase in the diameter of specimen/sample to several millimeters

and mçre it makes it possible to disregar d the sublimation and other

phenomena , connected with •ass transfer eit he r chemica l reactions on

the surface of specimen,sarple, or to ccqsider by their path of the

introduction of a small correction.

fur ther , which is very Eubstaltial , ~ r inc rease in the diameter

lakes it pcssib le tc organize the r u m b l e  ;easurement s of the actual

temperature of metal to which must be referred the fcnnd value of

electrical conductivity. Curing high—t emper ature precision

measurements of electrical conductivity, everything said above forces

to give preference to tie mE tbcds, oriente d for the use of massive

specimen/samples.

5—2. The method of aeasuriqg specific electrical resistance at

temperatures higher than 1000°C with the use of electron ic heating.

the considerations presented higher than were taken into account

dunin4 the de velopment ci the bigh—tempenature version of

ccmpe nsative the method of direct current , developed by the authors

ci work [5—2) on the basis ci the electronic heating of

specimen/sample.

I.. —
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the use of the latter dictated mainl y by the tendency to exclude

the c~ ntamination of specimen/sample by the products of the
P

s~ihlima tion of foreign substances az~d tc b ring the level of working

tempe ratures to temperatures of melting the materials being

investigated.
)

lb these requirements resistance furnace (indirect heating)

cannot be satisfied. DirEct/straig ht bEati~ c by the passing current

it is diff icult to realize due to the large diameter of

specimen/sample (8— 15 ml).

Page 121.

The application/use of electronic heating, hav ing indisputable its

de ficiency,lacks, as a whole it successfully sclves stated problem.

The electrical circuit of icstailaticn is represente d on Fig. 5—1.

The specimen/ sample being investigated , jammed betwee n two

current electrode—holders, closes the measuring high—current circuit,

which consists of the scurce of voltage (stcrage battery B 1 by
— capacjtanCe/capacity several hundred ampere—hours ), ballas t

resistance R.. switch of pclar ity I and of rcnmal resistance R..

Ey low—resistance potenticuctet W~ is aeasured a voltage drop across

specimen ccii and the wczking secticn Cf specimen /sample ~with the

‘I’

- —- ~~~~~~~~~~~~~~~~
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aid of potentiometric probes) ; switch ing is ccncucted by thermocou ple )

swi tch r i .  One ot the cutrent electrodes of specimen/sample is

grcunded through m illiammet er i t  and blccking equipment/device BU.

latr.xi uct~ on of the latter cell,eleietit w a r  c a r m e d  by  th e use of a

sps cimen/sample as the ancde in the system ci electron ic heating,

mad e according to the schematic ct vacuum— tLbe diode . The electrons,

emitted by cathode , are acoclitated electr i a l  field creabed with the

aid of the sou rce of high vcltage ct iV r c~, b e tw een the ca thode an d t he

anode—form , bombard and heat the latter. Plus ci rectifier is

grcunde d. The electrical circuit of the system of electronic heating

is closed through the earth circuit of speci.er. The located in this

circuit milliumneter it is utilized for a ch eC k Cf tb~ amount of

pover,~ introduced into npec lm en /saiple (but there by indirectly and

after the tempe rature conditions of beatinc ). Blocking

equipment/device 13U shunts uilliampe remEter with the kicks of

cmissl,ve current, possible In the ccndit,ic;e/acdes of vacuum >1

training/aging and annual it~g of specimen/samp le. For limiUng the

value ci these kicks and softening of the wcr k of an entire

schemitic, is utilized resistarce Ri.. ihic h irciudes nonlinear )

cc.pooent, made on the basis of ldlpS ~G— 51 (220 V, 300 N). I

Th e source of high vcltage is •ade acccrdirq to thre4—phase C
bridg, circuit and has cn ortput . vcltagu, a~..justed within the limits
~ .t~— 1O kV.

)
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~idFig. 5—1. ~

—frr.7_

Schemat ic diagram of installation for measurement of the
specific resistance of ictals with high teiperat ires. 1 —
specimen/sample; 2~ — holders; 3 — poten ticuettic probes; Is — cathode;
E — screen ; 6 — Vacuum chamber.

‘ ~~~~~~~~~ I,

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~4Er~~~ I~~4T~~~~~~~~
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Page 122.

The supply of cathcdes (filamentary) is realized by alternating

current from the source of variable voltage lBk , that includes

isolation transformer with the intersive electrical insula tion of

wi~diags. with datum to the schematic of grounding the cathodes are

found under high potential relative to the earth/ground.

£cr the prevention/warring of the in~ idence/impingement of

electrons to the grounded hcusing cf v a c u u m  chamber between ca thode

system and housin9, is placed the c~ li~ drjcai screen, on which is

smpplied the negative with respect to catbcde b ias voltage from

aaxiljary battery B 2, ccntzc lled b) voltmeter V.

Thus, the com~ on/general/tota1. electrical installat ion diagram

oo~sists in this case of tuc main subcircuits, unite d by overall

s.ctiçn — specimen/sample with current electrod es. In this case,

immedjately arises the question ccncen~ing the value of the possible

errors, connected with the presence in the ~peci.enjsa.ple and other

cell/elements of the ancde current circuit ci the scheaat~c of

beating. So that the stud y ci this prcblem will t€ more

L~
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cpqcrete/specificfactual, it is convenieq± to h ere exa min the

sp.cihl feature/peculiarities of the structural,design realization of

the workin g sectio n of installatics. It is represented in Pig. 5—2.

Specimen/sample 1 being investigated is manufactured in the form

of rod with a diamete r of 8—114 60—70 mu in long. On the

height/altitude of specimen/sample , is made a series of radial

cylindrical channels 1.C—1.2 — mu in diameter at the depth of order
L)

cii. and one—half radii ci ~jpeci aen,sample. Curing the meaturements of

temperature, these chanrel.s perform the role of the mo dels of i )

blackbody.

Current electrodes 2 , between which is clampped the

specimen/sample, are manufactured from the tungsten pointed rods 2 mm

Ia diameter. pote~tiometr1c electrodes 3 are made from tuegst.n wire

0.5 mm in diameter; with the aid of springs ~4, they are pressed by

points against by the surface of specimen/sample . With heating of

the sample in a vacuum the points are welded with the surface of the

sample providing the stability of contact resistance. Cathode 5 is
made In the form of vertical filaments from tungsten wire 0.2 mm

‘ t -
in diameter , attached on lamellar U—shaped compensators.

I ) ’

_ _ _ _ _ _
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?j.q. ~—2. Conatructio~k/design ci the wcrkinq s€ction of installation 3
for measuring specific resistance of metals by the method of

~~~ctzonic heating.

Page 123. -

These filaments are arrange/located aroun d specimen/sample and

paraUel—connected between themselves. Screen assembly has a form of

the squirrel cage, arrange/ located concentrically with res pect to

specimen/sample; its grid 6 is made frcm mc lybdenum wire 0.5 mm in

diameter. Cathode— screen assembly has a joint nzi vertical plane for

L)

- !____j_ - 
- - - _________
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coqvenience iq installation and replace ment Cf Ep€ci.en/sample and

cathodes.

ill cell/elements ci electronic heater are fastened under the

upper flaqge of 7 vacuum camera/chambers te water—cooled V—shaped

tube w1T~ 8. Xnsulation/isclation ci sp€cim€n ,sample with electrodes

from vacuu m chamber is realized with the etc of directing porcelain

tu bes v.~~h 9 and end insulators — lower 10 (pcrcelain )  and upper 11

(.ica4 . I~ sulatioi~/isolation of cathode—screen assembly from vacuum

chamb~~r and specimen/sample — electrode system is made in the form

szzpporting,#reference 12 and directing 13 porcelain tubes j. t is

designed on 10 kY. The clearances between the separa te elements of

tIese systems compose value not less than I mm . Insulatiom/isolation

between th e  cathode and the screen is realized with the aid of wall

eatrance insulators b~~ 14, cede fr cm p czcela in  c~es beads and quartz

capillary, and it is designed to th e bias vcltaç . on the order of 300

£11 insulators ate protected Ircu b.ccming dust y by the products

of the sublimation of speciuen,samLle by washers made of sheet

tan talum, which excludes the possibility of surface breakdown or

leakage of measuring cu teat on insulatcrs.

For the prot~ction of the hclders ci ccrrent electrodes from the

1 ~~ . Ti1[ . f~rF~~~-~~- --~~-1I ~~~~~~~~~ 
-

. ... 
1 ~ ~~~~~~~~~ 

- - - -
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e~l.ctron bombardment, are establish/inatatled ccje—shaped reflectors

15 of the wiring, to which is supplied the potential of cathode.

Holders of the potentiometric electrodes axe prctected from electron

boaba~ dmen t with tantalum tubes 16, which have the potential of

screen.

From the side of inspecticri window of the vacuum camera/chamber,

screen grid forms a slot through which is ccnducted the pyrometry.

£1.1 electrodes are arrange/located on u~ per flange. The vacuum

pa~king/seal of potentic.etric electric leac— i~ns is realited in

steadatd m ushroom connection 17.

The electric lead—ins of measuring current are made jn the form

of stud bolts 18, condensed by teflon bushings. High—voltage electric

lead—ins are attached in teflon insulator 15, ccndeiised with the aid

cj rubber packing 20.

Cathode assembly with specimen/sample is placed into vacuum

chamber whete during work is supporte d pressure crder ~~~ mm Hg,

cccptrçlled by vaccummeter VflB—2 in assembly wit h sensor M—8.

The combined eza.inaticn of the scbeaatic diagram (sCe Fig. 5—1)

a~d the constructiqn/dastg~s of installatjcn (PIg. 5-2) ma kes it

possible to make :onclusicn about the inevitability of the appeara nce
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ci seccndary stresses on the different sections ci measuring circuit,

wh ich is lccated in the zcne of a catbcde—arcde assembly.

Struggle for the isctbermicit y of specimenlsample forces to

e.llcw/assume the considerable scatter of ehctrcn beam from cathode

in interelectrode space. To shield po tent i c i et r ic  probes f rom

elsctsons under these c cn d i t i c~~n is p r c v e d  tc be iupcssibie.

Page 1214 .

the portion of com.on/çeneral,total •lectrcmic flux , coming to

prebe to specimen/sample , will cause the ap~ earence c~ it of a

pa rasitic potential d i f f e ren c e

- 
4

where I,— t~~ total crrren t of emissicu ; fl3 — coefficient ,

depending on the ;eometry of system. potential cistribut ion in screen

— filament system — spEcimen/sample , the material of probe and series

ci cther factors. The crrtents, which fal l lxcm cathode t~

specimen/sam ple , ate accumulated tc grou c~d &cint , bein g distributed

in accordance with effective resistances of metering circuit. To

analytically calculate the caused ky them supplement ary vpltaqe drop

across wor king sectiom 6L/~ is sufficiently difficult , since in the

_ _ _ _  - 

~~

- - 

~ -~~~iTi~~~~ 1~H~~ _ _
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gener~ 1 case this problem of two—di .eosios*al (at least) potential

dj str4bution in system with a rb i t ra ry  density d istribution of current

on the lateral surface ci apeci.en,zamçba lctal  analysis, ho we ver ,

makes it possible to note that valu~ &Up Is proportional to comao~
.. iaajv. current 1, and , j ust as for Frob*s. can be written in the

form ~~~~~~ Ptoportioaalitj factor is determined by the

co~ditions, enumerated for p~. Coefficients ~~ aid ~p in the first

appro;iaatioa, do not depend on the directic~ of mià rtn~ current I.

This hilows with sufficient for an ex p erim e nt accuracy to exclude the

effects in questiop, utili2ing the meamurecents, made in two

djractions of measuring current .

It is real/actual, the overall potential drop on working section

v4i11 be equal in one case

and in other

—U2—— I1R+ ,I.+W.,

where ~ — resistance of working section . Thrs , with I,~ coist

(volmé I, is monitored with accur acy not less tbas O.1—O.2o/o),

etter d.ductiqq one expression of another, we w i ll ohtain equality 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~

__________
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n(1 1+ I2) (U 1+U 2) ,  in w h i c h  the add i t ive  ten s, ca used by t h e  elect ron

bombardment, are absent. Let us note, besj des the fact that the value

cf measuring cu r ren t  usually not leme than ty an order exdee ds the

value of e•issjon current ~Ji.si *iu IO A ; I,<0,5 A) .

Mgq 125.

the reception/procedure of the use of c ccm•utat ion of measuring

cnrrent  indicated in the ge neral case makes it possikie to remove

eff ect of parasitic th e i ioe lec t r cmc t ive  fo rce , ca use d by a difference $

in the tempe ratures in the specimep ,isa.pl e t etw een the contact

area/sites of probes. Tak ing into accou nt tkat currents I~ and 12 are

determined from drops in vcltage U~~ atd 
~~ Cr the specimen coil P0.

fInal calculated relationship/ratio for resisting the working section

can be written in the fcllc ving form:

~~~~~~~~~~ 
(A+ U. I54~‘ ,

where the different indices are relate d tp the different directions

ci measuring current.

the calculation of specific cc~duct.ivity accordin g to the data

on the value -of total resistance of workiag section is feisible, if 
- -

is knqwn the form of the function of density distribut ion of current

.. —b --— — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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H
according to section S Cf ccnductor. In bbs case of consta nt density,

the value iapedan~ e is ccnnected with  res is t iv i ty  p ty the known

relatj onsh ip/ratio B pL/S. However ,  the  ppssib~ili ty of usi ng th is

relat ;onship/ratio under our ccndi t icns  (~~bcr t  specime n/ sample)

requiwes ~ pecial e x am in atio n , ins titu te d oi~ the soluti on of the

corresponding bou~dary—~ alue problem .

The realized in construction/design ,(Iig. 5—2) version of

current input to specimen,isanple corresponds to the assignment of the

specific potential on t t e  sect ion Cf butt end of specimen/sample with

a radius of r0 (equal a radius of curnint electrode). On temaining

serfaces, disregarding the eaissive current (icr this problem this

admissibly), it is possible to take as equai tc zero potential

gradient along the normal tc stniace .

Page 326.

Under these conditions the solution of equating Laplace fpr potential

d . t strj but ion  • is nepresented by relaticqsbip,tetio (5—3]
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(5.5)

2

2~

‘~ (Y. T) 
~ 

(y,~ / 1) 1. (T.’/R)
~j 

à(y,H/2R)
a—I

where I — current; p — resistivity; J 0~ ~~1 
— - Besse l fu nc ti on of f i r s t

k~ qd qf ze ro and f i rs t  cr der ; Vn positj ve t he  roots of equatioq

— Ja (T)zO.. With 2=0 (middle of cyl inder)  ø0siQ. Pc tmu la (5—3) it is

c~nveuient to present in the form

where the multiplicand corresponds to tb e k r c w r  fo rmula  of the

di~tr;bution of current p.tential for the case of constant current

density over section, and va lue

— 
2 sb ti,, ? R) I, (~1,r./ R)I , (‘y,,r ‘R)

(a R) fr, R) 
~~J cli (y,H,- 2R) y 2I~ (.~~

)

determines allowance for the ncnunitcruity cf cnrtent density. For a

cylindrical specimen/sample with ration ~yIz~~5/~ and r 0/R 1/7 , the

results of th. calculation ci correcticn ~ w ith r=P (for the surface

of spCciae n/sa m ple ) are represented below. 

- --- -- -- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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aH,R 0 0.143 0,643 1 .143 1 .64
—~& 8,17.10-’ 5,64.10—’ 1,22.10-’ 2.19.10-’ 3,82 10—’

~tH/R 2,14 264  3,14 3.65 4 ,64
—~ 6,76. 10-’ 1,25.10-’ 2 ,45.10-’ 5 ,50.10-’ 0

Were All/P — relative removal/distance ci calculat ion point f rom

the end/face of specimen/sample. Allowance changes from several

percentages near end/face (Mf/9~~O) to zenc in the center of

specimen/sample (an=H/2). On the  basis cf Uis calcu lation , it is

determined , that the potenticaetnic electroces sust be d istan t f rom

the end/faces of specimen/sample up to distance not less than its one

diamete r (AH/ R ~ 2). In this case the  correction for bending of

eq uipqtentials co.poses the  value cf order O.O1.o/o and less and it

can be disregarded.

Wurin g the calculatioq of specific resistance, it is necessary

tp coaside r certain inc rease in resistance1 caused b y pyrometric

channels on the working section of specimem ,samrle.

Page 127.

In the first approximation, it is possible to ccnsider that the total

resistance of section with a length of L, can be pre sented in the

I
L. . .-
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form of the sun 3f resista4ce ci zc~ e w i t h c n t  cha nnels B 0 and

resistance of the zone of conductor whcse sEcticz~ decrea sed by ra dial

bp nin~s with a dia meter of d and with a depth of K:

L—st d

or

~~

=

~~~
- [ ‘+

~~~~~~~~~~~
_ i)] .  (5-7)

where R.,1=pd fS,, and the second te rm in t he  ~r ac*ets

is correction f or n of py r c u e tn i c  cavjties .  I f i~ allçwed unifotm

density distribution of curre~ t in all sections of ccn ducbor, then

resistance RR it will te ccaputed ccmple t e ly  s imp ly :

R, = p 

~~
= + ~~~ 

arctg p14- --- -i-). (5-8)

where ,~~ hd/So.

auring practical use results are coi~v enieatly presented in the

f o r .  Qf curve/grap h (R,JR~~ .— 1)’. f (x ) .  Allowance i~ with the selected

gecsetry of specimen/sample varies vithui the ~ i.its of O.02— 0 .Ols

iscretse in the diameter ci specimen/sample wit h the

prsservation/retention/ ,aintain ing ef the gecm e try of the pyrometric
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ctanaal of constant it sakes it pcssible tc i~otic eably lower value of

It must be n oted tha t c a l cu l a t icn  according to f o r m u l a s  (5-8) and

15-7) gives lower boun dary cf poss1~~le corr~ ctIcl1. In th e real case

the bending of isopotentials around opening,ap er t u r e s. not icea t~le in

range by size/dimension to 1.5—2 diameters cf ~~tcmetric channel ,

ca uses the n c q u n i f o r a i t y  of d e n s i ty  d i st r i l u t i c . n of cu r ren t .  Rea l

d istur t ~ nce/perturbation is greater than t~ e v a l u es, predicted by

for.uta (5—8) . However, a~ showe d me asutemerts , prob able devia ti ons

do not exceed the limits of 0.2o~o of m easu r e d values  of res istan ce,

which corr esponds to the error in very allowance 10— 15o/o~

)

Essential characteristic of heating system is the deqree of

isothermicity,. which it ia state tc ensure in the wo rking zone of

s3ecimen/sam~’le. In the described inst a l.laticn is used the maximal ly

simple cathode system: tFe filament cathode in the for m of one or

several  tungs ten  f i l a m e nts, stretched along the spec im en/sample

between its surfac e and t~ e screen grid.

Page 128.

At sufficient length of cathode filam ents , the dens it y of

elect ronic f l u x  a long  t F e  l e n g t h  of  spsci .er ,ssample is pro ved to bc’

in ef fect constant .  L o n g i t u d i n a l  n c n t s c t h e n i i c i t y  is deveA op e d in

essence due to the u n c o s p en s a t e d  h e a t  lcsmea fr cm butt end s and on

4

- - _ _
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working section does not exceed  0. c_ ic/ c  of •a~ imum temperature.

The temperature distribution in the  crcss sections og

specimen/sample is form,shaped under the effect of the nonuniformity

ot the angular distributicq of electrons’.. In the east unfa vorable

case Iheating one cathode) relative value ct aceisotbermidity here

cai~ reach 1—20/0. Dur ing  the arrange.ent/pcsiticn of pyrometric

cavity along mean isotherm , this can lead to tb-n err’àr in the

determinat ion of the reference temperature , which reaches 0.2—0.50/0

(at temperatures of 3000°K and low thermal conductivit y of

speciaen/sanple). Taking into account entir€ this a maxima. relati ve

error in the results during the use of t.hjs method does not exceed

the ijaits of 1.5—20/0 iith the scatter of pcints 0.So/o (see [5—il )) .

This makes it possible to consider this method as inátrument for the

precision absolute measurements of the specific resistance.

5—3. Soncontact met hods of measu r ing  electr ical cond~~.ti vity.

the e xamined above m e t k o d ~ of .easur in ç  electrica l cond uct ivi ty

assume the physical contact of speciieq,saejle with the call/elements

Cf power and metering cincuits~ They are ccnne.cted wit h the use of

direct current. The appiication,use of altercating current of

suffidiently high frequency expands the circle of the phys ical laws

which could be the basis of ezperiaental prccednre. So, in 
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particular, the use of a phenomenon of mtmt s~~l induct ion sakes it

pessible to carry out th e  diverse  v a r i an t s  cf  th e  me th od s, which do

not require direct contact witch specimen/sample.

among them most wide acceptance foun d the sc-called met hod of

the  rqta ting magnetic f ield , instituted on the measu rement of the

torsignal moment, cause d by power i qteracticn Cf external magnetic

fj.ld with induced in speciien,sample vcrtei field’ currents. For the

f~rst time realized in the version of relative iethàd of Braunbek

[5—5)~ Grube and Speidel [5—6]. it is ecst thorcughl y stud ied by A.

K. Risgel [5—7 , 5—8]. Utilizing the general ~cle tion, give n in hertz

(5—~ ],~ A. B. Rigel ’ will bring it to the calculation formelas, valid

at any frequencies, and will check experimentally the effect of

probable deviations from ideal conditi~c~s.

rage 129.

Examining spherical specimen /sample with a radius of B, w h i c h  is

loeatöd in uniform magnetic field by inte.xity,istrengt h H, which

rotat*s with angular velocity w , it is possible to fin d taking into

~~couat self—induction the followisg expressicu for the Joule heat W,

isolated by vortex currents:

- 
- W 4.IURIH tN (t) (5.9)

-~~~~
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where

N (I) = I(sh 21 + sin 21)— (ch 21— ~ 2!)

l’(Ch 21—c05 21) —; (5-10)

(5-11)

Here: (H] erg/s; [B] = cm; ( s ]  = rad 1s; [H] = Oe; (c] = cm/s —

speed of l igh t ; (s- ] = us. CCSE.

~t is possible to show that tcrque,ap.e~ t actin g on sphere, it

is coanected with heat release in it by the relationship/ratio

M=Wer’. (5-12)

Then~ by knowing frcm experiment E, B, ~ and w, it is possible
to find t, but from it — the uaknovn ccvdicti~ ity. Function 11(t) is ‘H

computed previously. In work (5—7] for it is given the corresponding

1~able~ Let us here point out tha t  i f  is is restticted to accuracy lob

then function 11(t) it is possible to represent it in the following

I
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e~ pression s:

N~(: =8,88 8) . ~~~~~~~~~~ 
(5-13)

SI~ N t~~.2,5 N2 (1)= (f—-1)It . (5-14)

Kay: il) . with.

~
f self—induction can be disregarded, then formula (5—9) is

siupljfiad :

(5.j51 1 5 e’

uith the determining id e of the s€~t—induction

w _~~~cH~R’ Y S~~ (5- 16)
‘- 4

let us note that for a sphere the problem is solved accurately.

This creates basis for the  absclu te  •e a sur e i en t s  of resistivity. The

value Cf torqIe/.o~ent can be determined ~y the angle of twist • of

th. elastic thread , on ihich is suspended the specimen/sample.

Page 130.
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3

As is kncv n, between these values with small ones 0 there is the

sjz)gle bond:

M=K.q, (5-17)

where the factor of proporticmality x., called cf the conStant

filament of suspension , depends on a radius of filament , its length
3aid mOdulus of shear of tbe matetial Cf filament.

U as the sources cf magnetic field are utilize d coils with

current I (without core), then is direct prcportionality between

magnetic inter~sity H and current I

makes it

i.saibl. to conduc!t experiment , measuring the current. - - -

)

A. B. Biegel ( 5 — 8 )  estimates a possible error in the method

dvring the absolute measurements by the value of order lo)to. In

re la tive  version wi thou t t a p i ng  in to  accou~t of the error for

standard , it is possible to speak about the evei lover value of order

0.50/c (5-11]. -

~u the latter case fcc t~~1, basic calculated relationship/ratio

—-—- - - - - - - - --~~~~~~~~~~~~~~~~~ --~~~~
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caq be used in the fore

p=J- .=i( -~~~- V’~~~~, (5-18)

where the constan t of instrum e nt is determ ined in

si.cial experiment with the standard •aterial ~hcse resistance p~ 
is

studild sufficiently reliably.

~n formula (5—18) is irtrcduccd iqto exam iiat ion the volume of

specimen/sample V. As shown in work (5—7], the use of an equivalent

volume of sphere makes it possible to decrease the effect of the

im-ade~uacies of the geometry of specime n/sample. Let us note that the

accurAcy of the measurements of a radius mu st he y en high (11—R5)

The results of mea surements are very sensitive tc changes in the

si2e/dinensions of specimen/saiple. In cOnt€ctiCn with this during

the investigation of the temperature ccursc of ccnduct ivi~y, the

kncwledge cf the coefficient of expansicn is ccipletely necessary.

5pberical for m is not always conveniónt. }or the number of

.aterjals and, in particular , for studying ccnductivit y change with

the melting of specimenjsample mote corl venient is cylindrical

specimen/sample. For an infinitely long cylAnd~ L the solution of the

problems of the torsional •cment Cf specim r,sa.ple, which is located

ii the uniform rotating magnetic h eld , can he found in Ta. I.

I
-_ _ _ _ _ _ _  ~~~~~~-~~~~~~‘ - -~~ - --
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Frenkel [5—10). The problem of final specimen/sample is npt finally

studied.

Page 131.

In connection with this in works with cylindrical. specimen, are

utili~ed, as a rule, the relative ceasuremerts, instituted on the 3
assumption that with the identical geceetr y cf standar d and

investigated specimen/samples the effect of end effects wi ll be 
C

identjcal independent of ccnductivity (~—5, 5—6) . This asSumption

ccqfismed experimentally IcIl (5—11), shown that the corresponding

cosrection depends only that of a radius of speciaen,sam ple. It is

possible to  assume that this  w i l l  be valid , while self—ind uction is

unensCutia 1.

The basic calculated relationship,iratic o-f met hod in this case

usually (5—5, 5—11—5—17] is utilized in the form

p i K u~~~1R’. (5-19)

where X~— the constant of installaticn,~ dcter.iued in ex periments

with Standard specimen/sample; 1.— heigbt,altitude of

sIecimsu/sample; B — its radius.

~1
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A series of the entering fcraula (5—Ic) values includes the

corrective corrections, thus, for instance,

= (,,,,, — ts — ~~~ (1 
— a’4v.), - (5-20) 

) 
-

wh.re ~~~~ measured in experiments divergence ; Oo — divergence of

syst.a wit1~ the removed specimen/s-ample, Cause d by the effect of the

~~attered magnetic field on the metallic ~lemeots of register system;

Aç~.,,— corr.ction, which appears during use in report equipment/device

o~ th, flat dial (in place of cylindrical) ; Aviv.— correction for

the divergence of current frequenc y du r i x ~g meaaereients from norma l, 
—

that çccurred with calitratioD.

1”LUN—Ki. (5-21)

3

where 1 .~— actual length of speci.en,saaple; K1— corr dtion for 3
the fjnit.mess of speci .enjsample (is iccated tar a given radius in
experjments with the specimen/samples Cf ditfere;t length through

dependence cIP=f(1)J: K:=l
~~~~.

If into formula (5—19) are introduced the geometric

cbaxadteristics, undertakeq at rocm temperatur e, then whole

expression must be multiplied by the ccrrective factor of form

(1+5.11), that considers the thermal expansion of the specimen/sample

1k 
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where a — a coefficient of linear expansion.

)
Page 332..

until now , we say nothing about the ~eiper ature boundaries of

method . Frc• the overall ccosiderations it is p ossible to make the

cox~clssion that these bcundari es must be suifib iently wide. It is

real/actual, on one hand , icr the work of installatici it is

sobstlntia l so that in the zone of specimen~ sa.ple wor ks external

magnetic field. This problem with any furnace is comperatively simply C
solved by appropriate selection of nonmaguetic materials Zcopper,

brass, stainless steel, tu~gsten, graphite , etc.). It is substantial

sp that the proper magnetic field of  heater will be suffiC iently

little. This problem is alsc sclved simpl y (double winding, duct in

du ct, etc.). Nost ccmplex problem is the tbermcstating of the elastic

thread cn which will hang the speci.en,sa.pIe. Iraditional

recept ion/procedure is here the use of intermediat e rigid rod, which

transmits the torsional eceent frc i furnace intc the shielded zone ;

the fjlament of suspensicu is placed in the water—cooled duct above

the firnace. The connection of rod with the filament throagh the

plate of dielectric (mica) makes it possib le tc considerably decrease

the pqssib le heating of filament and , consegu~~tly , also the change

in its elastic constant. Check of the tcrsicn of filament is realized

usua lly oq the rotation of the mirror , attached on transitnt plate.

/

—
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The solution of the named problems, of c~~nr se, binder s during

tzans~tio; into high—temperature range, however, as it shows I
experiment, it is attained within the framewor k cf acceptable

accuracy. As an exampl e it is possible to irdicate the wotk (5—15),

in vkjch are made conductivity mea sutements of nickel fusions with

carbon to 1900°C (in solid and l iquid states) , to work s (6—16, 5—17),

in vh4ch operating temperatures reach 2 1000 1( (in particula r measured

the electrical resistance ‘ci chromium ). - .

4’

I

I
(

p

LA 
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Pig. Sr—I. Schumatic diagram of constructiofl of installation with the

rctatjng magnetic field.

Page 133. C

The schematic diagram of the construction/design of the

high—temperature experi.ental installations working according to the

method of the rotating magnetic field, is represented in Pig. 5—3..

On bearing flange 1, which has water ccoLing, is installe d the

electric furnace ~hose heating element 4 is made according to

I

II~IL - -
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schematic duct in the duct (or it has double vindi~g for decreasing

the proper magnetic field). Futoace body 4 is equipped by the jacket

cf water ccolin g and is made frca tcnm agrLetic materials.. Three pairs

of cojis 6 are placed at angle Cf 120° in planilayou t and are

included by star in the circuit of three—phase curre nt (terminal

ABC). in Soviet works (5—7 , 5—8) usually are utilized the coils

wjthout core in order tc ez~sure the mutual propcrtionality of current

and magnet ic field strergth. Ii the works of Boll (5—11) successfully

is utjlized the usual stator of the electr ical asyncbronom s engine

with the pole pieces. As shcwq in this won , ard in this case over

wjde limits is satisfied the ccnditicn of direct proport ionality

tetuedn the curren t strength in ccils aid lagnetic intensity. Let us

ncte that usually the ccils thermost atically ccittol. Riegel (5—8)

for this purpese places them into special cii thermostat with water

cooling. During coil, setting it his wczk, it is recommended ,

furthermore, to separate/liberate mechanically this thermostat from

the hpusing of unit, removing thereby the transmission of the

appearing sometime s vibrations to housing and system of sispension.

Im the upper part of the installaticn, is secured thermostatically

cc tr$lled duct ia with elastic thread 9 wbcse torsion is monitored

accord ing to the divergence of that reflected frc. mirror (light spot

ct illuminatiqg syste m 12 cr scale 11. Iur;ang moment from specime n 5

is transferred to the elastic thread by rod 7, suspend/hung to plate

with mirror. The system of screens 3 i~ furnace provides the
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isothermicity of specimen/sample , and on end in lowe r flange makes it

possi b le to carry out the measu reaei~ts Cf its temperature by optical

methods .

In the works, made by the method of the rctatin c magn etic field,

attention is drawn to the small value cf the scatter of e~ penimental

data. This testifies to the sufficiently hi gh resolution of method.

Easic error store.Ma dds up ii essence frcm the systematic errors,

ccnnedted with the temperature dependence c i ccmstan t instal latio~
and the inadequacy of the gecmetry of speciien,sa.ple.

In a series of the cases researchers dces not succeed in

coi~sidering these factors entirely. A characteristic example is

disagseement of the data of potenticietric a~d contactiess

measurements, discovered during the investi gaticu of the conductivity

of chromiu m — silicon sys tem in mcxl (5—17). with scatter in both

series of order 0.50/0, the disagreemer t i;dicated reaches lOo/o.

Page 134.

~e give this xu.eral not in order to express distrust to the met hod

ii question, but, in order emphasize the need for careful inversion

• with ~t. In our view, are here laid the great pcssibilities, up to

now nçt exhausted by ezierimentens. The idea of the use of a power
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effect, which appears during interaction pf concuctor with the

magnetic field of the ccntrclled,irmpected value , that move relati ve

to each other can be realized in tIr e most diverse versions for the

iost varied geomet ries of zpeciaenjsample~. it i~ possible as an

example to indicate the work (5—18) in vhjcb the calcu lation of

resistance is performed cn the measurements of the logar ithmic

decrement of damping the tcrsicral csciLlatic~s of speciatn/sample in

kncwn magnetic field, cx in works (5—2c, 5—21), where as the basis of

calculation were placed forces acting on -specimen/sample in

beterQgenecus magnetic field.

Sufficiently strict theory, the pcssihi]ity of organizing the

atscl.te and relative measurements very wide range of operating

tenpesatures, high accuracy -• all this aakes the examined meth od with

the effective instrument of the investi gatic n of electrical

conductivity of materials -bcth in solid and in ]iqnid states.

Considerable fluaber of works i~ tJ~e range ci cond uctivity

measurements -of different structural materials made noncontact

methods, instituted on a change in the lajecance of the solenoid,

mu~~.lied by alternating current, during the introduction into it of

‘~~~. coaductor of one or the other fcnm . -1
I

It m~ asd L, — r..&ectively active c~ rstituent cf resistance and

4

- - - -
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the inductance of the isclated,insulated c d l , then after the

introduction into it el ctrcconductive speciaen,saapl. the se

parameters will change. The new effective resistance R will now

stored two components: go ard P’, where a’ - ccsponeqt of resistance,

that dcrresponds to the increase of ohmic lcsses because of eddy

current in the specimea~sa.ple (active component resistances of B we

define as relation to the active pcwer P tc the sgware of effective

current I, i.e., R=P/I2).

Similarly dur ing the introduction of specimen/saaple~ inductance

l~ defined as relation to the stored up reactive energ y E to the

square of current I, i.e., E/ 12 , d creases ky value L’ — dhang e of

the iiductance as a resul t  ci the ef f e c t  of  the field of eddy 4
currents.

Fege 135.

value s L’ and B’ can be found Erca the solutimns of ~he

equatjcns of flaxwell in the form of the furctic~s Cf the circuit

parameters. Thus, for instance, tot a sphercid with a radius of a for

sj~us9idal fields the ccrrespopding relatjcrshipyratios take the for.

(5—22 1
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—- 6 f 1 sh,+sInM i• 5-22

~~‘~~71 -mi~~~rL 3 shy.-. slnp 523a 1 7c hy— cos p — 1,

where y2.. 2 , tj~va2.

the solution qf problem for infinite cylinder can be found in
(5—22 j.

In equations (5—22) and (5-23) it is cci~stant ~ — attenuation

factor , equal for sphere 12,’2a 3, whete A — radius of coil. Rat io

wL’/R’ does not depend cn attenuation factor a~ d is only the function

of frequency ~~, of magnetic permeability 
~~. 

of a tadius pf sphere

and , that the very important , electrical cc~ ductivlty of material ~.

If depende nce wL’/R’ on ym is known (by calculaticp cr from

ex periments with standard materials~ • then the measu rement of unk~ovn

couduotivity is reduced to determinaticu !‘ and L’. !he corresponding

schematics make it possible this to make smi ficiently accurately. We

will not give their diverse variants; if  ne cessary wi t h t h em , it is

possible tc be introduced in original works (5—22—5— 24]. let us note

only that •ost frequently are utilized the schematics of balanced

bridga, which allow by the selecticu cf calitrated cell/elements in

_ _ _  -~~~.
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the a rm of comparison to attain balance with very high accuracy. So,

Zimmerman [5—22) speaks about  t h e  s ens i tiv i ty  of his bridge circuit,

equal to O.OOSo/o, which allowed it to determine R~ and L’ wit h

accuracy 0.lo/o at frequency of 25 Hz. Ike schematic , used by Josim

(5—23 J, will allow it tc cbtain error in tht measurements of

electrical cond uctivity nct more than 1—1.Sc,o with 0>1000 (Q.cmr’.

The fEeque ncy range of similar schematics ir very wide and oscillates (

within limits from several hertzes to several teD kilohertzes.

Estimating the possibility of using siiilax methods for high

te.pezatures, it is necessary to keep in mind t h e  dependence of

readings or the gecmetric parameter s of sçlencid. So, in particular,

in the examined above wcrk (5—22] of value b’ and L’ they are located

by subtraction from the measured value~ R and L of the pasameters of

the empty coil R~ and L~.

Page 136. (

Tb. preservation/retentic n,maiptaining of ttes~ valu~~ dur ing the

co;siderable heating of ccii is virtually impossible, the latter is

unavoidable, since to place the fuzuace between the specimen/sample

and the coil, shielding the latter, sears to introduce the

dAffiaultly controlled/inspected d istortions, but for  high

fr.qu~nciee to generally exclude the possikility of measure.ents. The

maxi mu m temperatures which were reached in these methods dur ing the
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sufficiently precise measurement of coqductivity, do not exceed

400_S000C [ 5—23]. -

The knowq possibilities of the increase of temperature appear in

work at high frequencies with ccinciderce it cne coil of the

functjons of heating induct cr and celL~element ef meteri nq circuit..

La oni of such works [5-25] it will be possible to attain accuracy by

10—20gb fo r  range of sp ecif ic  resistances 2..10~~ — 1O Q.cm.

Calibration is conducted on silicon. Maximum temperature reaches

2000°K.

.~s virtually free trci limitaticns acccrding to tempe ratures and

the methcd, proposed by Kheyst [5-26). The studied specimen/sample

here js heated in the separate furnace , placed akové the coil, and

then j s  discarded throuçh it irto special receiwer. Coil as included

in rescnan t circuit of the generator on tricd€ , workin g at frequency

of 114 MHz. The decrease of the grid current Cf generator at the

mc en t of an incidence/drop in the speciame~saap1e ccnnecbed with

einctvical cond uctivity of the latter is the useful signal, recorded

by schematic. Method is relative aid requires calibration against

k.cwn speci.eq/samples. Its advantage , besides temperature level, is

the possibility of the ccasecutive level of scannipg on the

beightjaltitude of speci.en,’sa.ple. It, for example , in

specimen/sample created specific temperatwre field , then the written

4 — — --- —- - -- -— 
~~~~~~~ - ----—- —~ 
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signal will give immediately the temperatare dependence of specific

resistance. Due to skin effect in leAsuremerts, participates the very

thin layer of material. The range of the application /uses of a method

cn specific resistance is 10 ’—10’ ~~ci. Let us note that to

resistance change to 114 orders corresponds a change in the signal in

all tc 14 orders, from what author ccrrect~ y is drawn a conclusion

about the inapplicability of method for pxecisicn measurements.

HoWever, for a series of technica l prcbleas, this version can be of

ccqsiderable interest..

Page 137.

The investigation s of electrical conductivity of conductors are

cbarasterized at present, as we see, by the wide development of the

vcqcoatact methods of the measurements, instituted on the use of a

phenomenon of electromagnetic inductior. The diversity of the

concrete/specific/actual forms of its ma~itestatioa in ccmbination

with the development of means radio engineering and electrical

measurements creates basis for develcpie~t all Cf new systematic

reception/procedures. At present, however, cne should count that the

circle of the experi.ental methods, which ersure the acceptable

accuracy at high te.peratures, is very sm al l  and  in essence l imited

by th. diverse variants of the met tcdz Cf the rotating mag netic

field,~

A

______________________ 
~- --——
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Peing inferior on accurac y to tradit~ csial •ethods with contact

compensati ve measurements, the methods of the rotating magnetic field

- signiticantly expand the possibilities cf researcher and sometimes

can be ver y effective ores..

-~
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ChaptCr Six.

I~CUL~LAB L~IES OP THE PRACTICAL APPLICIrIO m CE METHODS OP RADIAL HEAT

ILUX ..

6—1. (cmparati ve description of tac kasic ccncepts of meth od .

ihcle diversity of the vo~ks, made by tt€ method of radia l heat

flux, is reduced to two schematic diagrams. The ir basic cell/elemen ts

are represented in Fig. 6—1. The essential difference, which

determines the level of maximum temperatures and the meth pds of

measurement of a q uantity cf heat, is the direction of heat flux.

)

~n version a (Fig. 6—la) the flow is dire;cted from the axis of

cy linder tcward periphery. The specimen,sample being investigated

surrounds the source of working heat flux. Ic measure the power,

passed through the working zone of specimen/sa.[le , it is possible

both from the electrical parameters correspcnding to the lone of

heater and by caloz imetric measurement cve c externa l surfa ce.

In version b (Fig.. 6—1k) beat flux is directed towa rd the axis

of spCcime n/sample. The heater being the sc~rce Cf wcrking heat flux,

s~otrounds specimen/sample citside .
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Power measurement from the electrical parameters of heater is -: 
- -

virtually impossible due to difficultly cgqsidered scattering of the

cciisiderable portion of power to the housj.~ g of installation. As a

rule, in this schematic is applied calorimetric equipment/device,

working according to th€ method of ccntinmcts—flcw calorimeter. The
L)wp r ki a g medium/propellant of the l a t te r  is usua l l y  wat er , al though

excluded the application/use of gases.

The selection of cre or the other schematic depends on the

specitic conditions of investigatica (range ef cperating

temperatures, the allowed values of gradien ts, the level of the

condud.tivity of specimen/samples).

)
The second schematic is •cre ccsplex, bulkier , more donnected

with ~he noticeabl y larger expenditures of electrical power; however ,

it clearly one should give preference, if the problem of

investigation is the acUevement of m a x i m u m  temp era tures. .  This one

cai~ see well from Table 6—1 , which illustrates the results of the

calculation of the basic parameters of two circuiti with the same the

temperature of heater ft,. Calculaticu is carried out for the 

�1~~~~~i~~ ,-~~.&-? ,l. ~~__fl_
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siipljfied problem: emissivity factor of the surfaces of

specimen/sample, heater an d cooler it is accepted equal t9 un i ty ;  the

clearances between the specimen /sample and the beater, the

sp€cimen/sample and the cooler the specimen~samp le and cooler are

olcse to zero; heat trarsfer between the surfaces of specimen/sample

and heater, specimen/sample and cod er is Limited by radiation ; the

tem perature of cooler is low. Geometry of the specimen /sample :

outside diameter 14.0 cm , internal 1.0 cm ; )~=O.5 V/(cu.deg).

-- -
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Pig. I—I. Schismatic diagrams of the method cf radia l hea t flux. a,—

internal heater ; b — the external heating of specimen/sample ; 1

— housing of unit; 2 — set of speciaen~ sa mple s ; 3 — heat sensors,

which measure a radial temperature differential i~~speciaen/sample ; 14

— beater; 5 — external  cod er; 6 — measuring electrodes; V — current

guides of heater; 8 — ccntinuous—f low calprimeter; 9 —

temperature—sensitive element of calorimeter.

Table 6— 1. A comparative characteristic is the temperature of

coiditions in specimen/sample for two schematics of radial heating.

F,. ~~~~~ F, - ‘T,. ‘~~ ~~~, Q. .~.lca _ -
- C.) - - - - -

-

1 500 a 1035 -1000 ‘ $5 70
6 1 435 4 400 70

2 000 a 1410 IU0~ 100 230
4 $ 920 $ 110 10 210

2500 a 1 030 1020 - 210 490
6 2490 2210 400 420

May: 11). Installation diagram. (2). ~.‘..//~~~r’ia

---- --
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One should , of course , bear it miqd, that within limits and

that, and other of schematics it is possible tc carry out a number of

the structural/design measures , w h i c h  make it possible to noticeably

a f fec t  basic param eters of the e x p e r i ma rt, by approach ing the

possibilities of one schematic another . So tcr example , in wor k

according to schematic a between the specimen/sample and the walls of

wcrkimg chamber can be intccduced tte screers, bhich lower radial

beat flow and whic h heave mean temperature of specimen/sample. On the

other hand , in schematic b in principle can be introduce d one or the

other highly heat— conduct iqg tilling betweet the speci men/sample and

the hCat receiver, which makes it possible to increase heat re.oval

from the internal surface cf specimen/sample and to increase the

te m perature differentials.

t—2 .  acngitudinal noniscthermicity in speciven,sample and heater.

)uring the copstructio; of instal lat~jcn a serious question is

the  se lection of the sime,diuevsio~ s of sp ec imen / sampl e and heater.

It is real/actual, the calculated relaticnship~~ratios of the method

Cf radial heat flux proceed ftcm assumption abcut the absence in the
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specimen/sample of longitudinal heat flow , A .E . ,  dT/dx=0. This

cdlpdition it would be pcssible to realize fcr th e infi nitely extended

or adjabatically isclat d ,insulated frca t~ c si des of cyli ndrical

syste., evenly loaded b~ transverse heat flux.. In practice we deal

wjth the absei~ce of adiabatic irsulatict aId by the heater of finite

laqgth. This poses the problem of estimating the virtual ly acceptable

lengths of the working section cf specimen,sample and heater.

As an example of such est ima t ions, it is pcssible to in dicate on

Va~—Yan—Rjnzum ’s works [6- fl an d Newman [6—2 J.. To the latter, in

particular, it is shown , tha t for p r o v i d i n g  th e su f f i c ien t ly

isothermal (along the length) zcne in experimen tal model the ratio of

its cçamon,gez~eral/total length to diameter must be not less than 14.

in this case, it is assu med that th~e tempera tere of heater is in

effect consta4t.

~t is certain , a si m i lar  k ind  of recoimendation they bear the

most Spproximate character. Up cp tie settitg of experiment, a

guisticn ccncerning temperature field in spe cim en /sample must be

studied in each specific case.

P age 1140.

is the basis of the correapon &ing estimations, can be placed one 

-~~ -
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ot the two solutions, giveq aby Karsiow (ö—3] fcr it is gently a

cylinder w ith a radius ct a<r<b and by length O<z(t. If on the

ioternal surface r=a of this cylinder maintains teiperat ure t(z), and

other surfaces lose heat by heat exchange i1ith the ledium of zero

temperature, then the temperature distributicn in cylinder is

described by the expressicq

(
~
.cos

~~
z+hsIn

~
,z) t (r .n)

~~~ I(’~ + h ’) I + 2hJ ~ (a. n).

+hsin .z) dz. (6-i)

éere ~n~~~ I pesitive th~ rocts of the equñticq

ig al = 2ah/ (a~ — h ’) ; (6-2)

~ (r , n) I. (ra,~) Ic~K1 (ba,J — hK. (ba.,)J +

+ K, (ra e) Ia,/~ (bm,) + hi. (ba , 1) J . (6-3)

Rarameter h exists a ratio of heat—transfer coefficient on

surface to the coefficient of the thermal ccndn ctivity of

specimen/sample. l~ . K0, 1~ 
and Ic1 — Besse l f ur c t i o n  f r o m

apparent/imaginary argument.

~f oq the internal surface r=a is assigne d the beat flux ,  

_
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eiter;ng inside solid body, f (z), and at ptk€r surtaces i~ .ain tained

zeto te.perature, then sciution is represented 1y thE expression of

the f,re

I r_ nub
2~~~ 

F.
~

i_;
~

_
~2 .~ f!~~~~(z’)sifl~~~~dz’,

3=1 
~~~ 

11
(6-4)

where

F.(x; y) =J.(x) I(• (y) —K.(x) I.(y); (6-5)

F~ (x; y) = 1(x) I (. (i,) + K1 (x) 1, (y), (6-6)

where X — a coefficient of therea]. conductivity..

lage 141.

~t lust be noted ttat the secc~ d eclitic; to preferably utilize

during the estilations ci tI:e teap€ratures in specinens of substances

with the icy coefficient of theraal co;du~ tivity, such , as oxides,

poxous aateriais, etc. Duritg the euissioe/tadiation of thuperature

field in the aetallic sEeciaen,sal~ les, uhich ~cssèss the high

co.ff4cie;t of thecaa l co;ductlvity, the first proèlea can give •ore

re l iable results.
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lot purpose of the decrease of the role of the two— djsensional

character cf tesperature field working speci.eo,sa.~ les usual ly  ar e

.anuf~ctured in the for, of the set of sepazate washers. This

especially favorabl y narifqsts itself durjnç t)e investigation of

aetals. The increased t~ erual resistance i; the acne of contact of

surfaces decreases longitudinal heat fluxes. On the en d/leads of the

set, frequently are esta~ lish/instailed su~~ le.entary washers froa

po*ou~ ceranics and other •aterial~ wi t h t he l cw coeffic ien t of

ther a~ l conductivity. Finally, strictly the zcne of the measure.ents

of a jua p/drop in the teup e r a tures in s~eci aen,’aaap1e and of the

corre*çonding heat flux occupies only avail alc;g the length section

in tb~ center of entire set (tc severa l ter •illaaeters).

lital iaportance has a character cf tev~ ezature field along

beater , especially for schewa t ic a, where tke calculation of heat

flux is conducted on the basis of the veasuresents of electrical

~ower.J isolated on the sect icn of fina l extent.

The lower the coefficient of the tberial ccnduc tivity of the

ta terial being investigated , the is insulated t~e lateral surface of

heater, the sore powerful is exhibited the effect of longitudinal

beat fluxes (along heater). In this case are necessary the

experilental esission/radiatic u of the gradient of the teaperature in

the zqne of potential derivations and the intrcducticn of the

‘1~
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ccrcesponding correctio n to the se asured power.

~—3. lcae design features of high—tesperature i nstallation s with

radial heat flux.

Current inputs. Successful realization of the aethod of radial

beat flux is connected to a corsiderable eatent with the rational

engineering solution of nuaher of apecifid prchlems. Their appearance

is caused by the fact tiat conducting wEasazesents in the

Elecilen/samples of accepta lie geovetry is hi gh—temperature range is

~ossible only with the aid of the beating elemeits, loaded by the

currents of the significant nagnitude.

Page 142.

~n the case of rod heaters as in sckeiatic a, operatjng currents

they reach hundred and thousand aspere;; in wcrli according to

schematic b, they increase still acre. Pro. the correct selection of

construct/designing the electric lead—in urder these conditions.

de pend the stability and the reliability of the operation of

installation. One should cccsider that the cccllng system of current

geidea must accept to itself tc 20—3Co,’c of overall power, liberated

as he&ter, and ensure under these conditions ccmpena ation the ther mal

expansion of heater an d the preser~ aticui/xetentic;/maintaining oC its

-,
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crientation with respect to specimen/sample.

The therma l design cf contacts is conflicted directly with the

esti.tte of the magnitude cf the actually ccitacting part of the

~uzfaoe. It depends on the ~hysical prcpe .rtl€s cf saterials,
I

character of their mechanical treatw ent and mechanical effort/forces
a 

is the contact zone. In the case of elastic ccrtact (usually

cccurvin g with repeated ones loading) in wc~ k [6—6] is recommended
.1

the f~ llovinq rela tionship/ratic fcr deteraininç the relat ion to

ac tual con tact area to ccn tcuc:

v 21
I b 1 T  r 1~ T 2 ,35(I—p’)q ~~~T

~-r) (i;; ) 
~ 

bE 
‘ ] • (6-7)

)

Here: Q~— contour pressure r — cadiu~ of bead ing of the

apex/ vert•zes of projecticfle. chan ging fros 30—40 ~a with widening to

3Q0—5 00 a with polishing; h~~,,.. t he •axi .ui  a l titada of

ia.qualities ; ! - Young ’s .cdului ; ~ — Pojsso ; ratio; b, v— ~ 
+

coastints, which characterise reference liii.

Sith ~cliahiag v 3 ;  b—~—~: wi t h pcl i~ h iag v—3 ; b 5 — 1 0 .

Coefficient k depends on ‘ s;d is equal to with respect 0.8;

C.67; 0.62; 0.58; 0.55 with v —2; 3; 3; 5; 1.

L
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Formula (6—7) is derived for the ccntact Cf rough and smooth

surfades if both of surfaces they are tough ones, then into formula

(6—7) are substituted the effective values cf cc;stants, determined

by the relationshi p/ratios

b-I
st—ski-I’s

‘I’I

~-I r, +1.’
)

t±t(”. y~jN m  part icu lar , ubs~ v ..2 and ~i~ E ka~~Q.S6$ she m vi—3 and “~~~

k,=0.1; with “~ vs~ 3 k~aO.O5.. )

I— . • ~~~~~~~

S

For the case of the well run in surfaces bcth movable

(slid*ng)and fixed contacts in work C6—6] is reco mmended the

siapl4fi.4 formula

‘-I

•
5~~)

‘-1

~1
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Page 143.

The estimation of actual ccntact area •akes it possible to

calculate the value of the increase of the teiperature AT in contact

area/Sites, caused by the passing through t t i  current. The limiti ng

valu e AT, which occurs for contact of two scsi—hounded arrays, is

calculated f rom H ola ’s kncwn relaticiakip/ratic (see Chapter 3)

-

~~

- v
A
. (6.9)

wher • Li.— a volt açe dr op  acccss ccntacts .

In the case of the coqtact of two plates bith a thickness of d,

actively ccoled outside by iater, temperature cu the contact pad in

[6—7 ) are higher than tic tcmp rat ure Cf ccclirg water by value

Li- 2 aAT.I .T...~~
. [ i  — — sfcsln 

Ylli) ’+a ’ 
J, (6.10)

where a — a radius of ccntact area/site.

Relationship/ratios (6—7) , (6—8) and 4t—1C) it sakes it possible

tc introduce into the thermal design of electrical ëcnductors of

— -~- —-~~~~~~~ —
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retin•ment, connec ted iiitb the disruptive character Cf the areas of

contact in real construction/designs .

Examples of the structura l fozaulatip. of current inputs are

given in rig. 6—2 and 6—3. the first is the vez~ icá cf the rigid

fastening of rod heater , used V. A. Zeygarnik in wor k [6—32]. The

ccitadt of heater with the copper housing ci currev~ in put is

realiSed through the intermediate Insert/brsbing, ma de f r çn graphite

(sometimes ftcm copper). Preliminarily urged over the conical surface

cf landing seat/socket insert then is cut..

~ith the tighteninç Cf pressure nut, t h e  cell/ele ments of

+ insert/bushing are moved relative to the ccnical surface çf

seat/sccket, providing the necessary effort~ fotc€ on contict

surfaces. The conicity ci landing seat/sod ket rsually ranges from 1:7

• to 1:10; the surface of seat/sccket is ptOc ssed to 9—10~~* classes

cf purity. The housing ci current input is cccled by the running

water,~ passing here on the ring grccve with internal ribbing.

The construct ion/design , shcwr cn Eig. 6—2, does no t contain the

elements of the system cf the ccapensatioa the thermal expansion of

heater. In the simplest cases (at the u cdetate tempe ratures) the

pichiem cf compensation is frequently scivec by the less de n se

attachment of upper sectional insert/bushin~ (here, as a rule,

‘1
4

—~~~~ -- ~~~~~~~~~~~~
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çraphtte)., which p rovi des the possihi li ty of the slippage of heater

relatjve to curre;t input.

I

4 ,

$
Pig. —2. Rigid fa st.niag of tod h ea te r  ( 6 — ~ 2]. 1 — beater; 2 — clamp

I — hcusing of current input; 4 — sectio~al ipsert/bushing; S -

tlang* of current input. - $
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Page 144.

luring the use of a heater in the range of limiting

t.apexatures, is applie d the flexible coupling ci the contact

refrigerated electrode b i t h  the  h o u s i n g  of m it .  Bello ws or specia l

spring is selected so tha t the p re l imina ri ly  expande d hea’er on the

achievem ent of maximu m temperature s wculd prove to be unloaded from

any lgng itudinal forces. In spite Cf the tact that the absolute

elongation of heater can be des igred pr evicrely, the calculation of

an entire system of compensation is extremely irexact. Under these

conditions the necessary pre lluinary straiq of elastic call/element J

is selected experimentally.
I )

As the exampl e of the practical applicatica of this method of

the cGspensation to Fig. 6—3 it is given designs of mova ble current

input ci the insta llaticn of N. V. Ioykc and P. P. Shpil’rayn (6—8). 
+

As el*stic cell/element is here used the spring, com pr essed betwee n

the plate and the supporting/reference platicru , con nected with the

housing of unit. A deficiency/lack in the ccnstruction/design is the

imposSibility of effect cn elastic cell/elesent withcut the

decompression of ixi s tal lat icn a rid discctnecticn of all 
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+

current—conduct ing bush ars.

6— Is. structural/design •eastres , wticb ensure the measurement of heat

flux. +

the serious potential advantage of sc~ €iatic a (See Fig. 6—1) is

the possibility of the electrical aeasuremett of the pow er,

introduced into the vorbi;g zcne cf speciser,sa.ple. During the

sufficiently high stability of the power supp ly and the use of 
+

potentiometer methods of m e a s u r i n g  the  stre~ g t h  of cur re nt and

vol tage  drop acros s w o r b i n g  sectioi~, aq errcz ci mea surement of power

can be limited to valu e 1—2c,o. in this case , uc asurem en ts themselves

are m a x i m a l l y simple and r e l i ab l e .  However , u t i l i z i n g  the. , a lways

one sbcu].d bear in mind those distcrticts it tie

th ree~dimensional/space heat—flow distributicn and tem peratures which

are cpnnec ted with the cr g ar i i z a t i o n  of poten tia l der ivatipns f r o m

beater.

_ _ _ _  _ _ _ _ _ _  - —- ~~~~~~~~~~~ ~~~~~~~~~~ ~~~ - — ~~~~~~~~~~~~~~~~~~~~~~ pr~-~~~~~~~ _

E~.
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Pig. 6—3. Novable currert ir.put with the spring compen sation thermal

expansion L6—8]. 1 — heater ; 2 — insert,iushing; 3 — housin g of

curre nt input; 4 — pressure,cla.p in g nut; ~ — supporting/reference

+ platform; 6 — thrust/rod; 7 — spring; 8 — ElatE ; 9 — vacuu m hose of

cccling system; 1Q — branch pipe.

Eage 145.

Are applie d at present in essence three ~ch€.atics of the potentia l

derivations: external radial pro be, ex terna l I cu gitu din al (axial)

prcbe and internal longitud inal prcbe.

In the first schematic potential rcd ci lead/duct is 

-
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derive/concluded along the normal to the hcater throug h radial boring

in specimen/sample. The size,’diiensicns of the latter are

suf f ic iently g reat in or der to p lace i~ sulaticc,isolat ion of

derivation and (especially in tbe case ci rcd rigid v.rsion)

especially in the case cf rcd rigid versio;) to ensure the

lcngitodinal trave l of pr cbe during the thermal deformat ions of

heater and specime n/sample. Vith tte sufficiently larg e th ickness of

teater (D>4—5 mm ) are applied the pressing xcd probes from refractory

me tals or graphi te, introduced intc small  c c n i ca l  or c yl in d r i c ai

deepening in heater. One of the versicns of this schematic was

reali~ ed in work [6—8); the potential prcte , made from graphite

rcd 2~,5—3 mm in diameter , it is pressed against the upper surface of

deepening in heater. The latter is graphite rod 10 mm in diameter .

Compressio n is realized because of the tor ç Le/icment, created by

special small weight at the end/iced of the prcte.

A deficiency/lack in this constructio u,icesl gn are bending

stresSes for rod, and hence the need icr an increase in its diameter

in comparison with the ~er sicn  in whic h th e rcd is ica ded by

loqgitudinal forces. An increase of the diavetet in turn, is

coquected with the amplification of the disturtance/pe rturbations of

tempe rature field in specimen/ sample and heater. Tendency to reduce

to a minimum these factors leads tc the wire version of radial

scbe.àtic. In this case fine/thin i0.1—~.15 mu) wire from refractory
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metal is secured (sometimes by the weld oi end/lead ty the arc in

ar gon, sometimes by the pressing cf  end ,l~ ad i r t o  eyelet , so metimes

simply cables itself in the zone of sm all  t r ansve r se  not ch ) to

beater, it goes around it ir circum ference and with smal l elongation

is derive/concluded thrcu gh the irsulatcr outside.

the application/use of a schematic of external longitudinal +

prcbe is explained by the tendency to exclude tie technologica l

compl jcation of specimen/sample and the distErtaace/bree kdown of its

correct gecuetry. Here the potential lead/duct , attached at one or

th. other point of heater , is insulated by ceramic cov er ing and is

derive/concluded outside in space tetween t~ e hea ter a nd the

spec imen,sample.

A similar schematic used iy Mikcl’ and is in detail dcscribed in

[6—39 J.

Page 146.

In cuc vie w, in the range of very u g h  te.peraitures its

application /use inexpad lertly, since this i& ccrnected with a 
+

vc ticiable increase in the clearance between the heater and the

speci.anisample, but thereby with a reducticri in the maximum

temperature of specimen ,isam~ le. Fur thermOre , it is necessary to keep

- +
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in min d the disturtance/breakdown of the axia.l symmetry of prob lem in

the zqne of the passage of potential de tive ti ci~. with a small extent

Ct working section, this can directly proacince cn the form of

+ + ietareal isctherma l surfaces.

lith the m i n i m u m  perturbation acticn is ccvnectcd third

schemitic, used, i~n par t i cu l a r , D. L. limrct and S. A.

Serdobci’skaya. In this case the heater is made in the fcr m of the

hollow duc t, wh ich has in t ie zon e of working sectlà n the reduced

diameter of iipternal boiing. In th is pzcjecticn rest the graphite

shaped bus hings into which are inserted the graphite rod s, which are

potential conclusions. Ccmmcn/general,tctal length of heater

(graphite) of 310 mm , ortside dianeter 16 ii , irter n al boring on

work ing  section 8 mm , i t  t ie  zcne ci detivaticrs 8.5 mm . Diameter of +

pc*en.tial rods 6 mm.

a def iciency/ lack in this constructio n~~des1gn is the complexity

of chQck of possible change in an Experimert in the leng th of the

sectiqu , on which is measured the ‘ucitage drop. lurt hermore, in the +

zoqe ci maximally h ig~h temperatures the restits cf measurements can

he di*torted by the phercmenon of the t heruicuic emi ion, calling

the dt s turbance/break down of the  i r s u l a t iag  prcpert ies  of the

cisarance between the heater and tie interRal electrcde. 

- - — . +
~~-
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Thu s , the elec t r ica l  me asutement of t t i  i n t r o d uced in to

spe c im en~sampl e power in p ra cti ce Is a l w a y s  cc nnc cte d wi th

introduction into the ic eal s c h e m a t i c  c t  d i t f e r e ~ t

disturbance/perturbations, which distort dist ritut ion of

temperatures , heat f l u x e s, the producti vity ci thermal soerces in

working zone, Appear the socnces of the systematic errors whose

estim*tions are sometimes v irtually iap ca si tle.

The definite advantaces in this sense it has ese of special

ca lcr ime tric system s. In this case, the calc riie ter performs tho role

of thermal flow and m ea svtes tie flcw , which left one or the other

zai~e çf specimen/sample. As a rule , calotis~ tric measurement it is

appl iod in work according to schematic diagtam b. Howe ver, some

+ resiarchers pre fer this method cf measuremert ct pow er, also, in

instaLlations according to schematic diagram a.

Page 147.

So, the autha~s of [b—9], inves ti gati~~ the thermal Conductivity

ci oxi des ~zircon i u m , ma gne s i u m , a l u m i n u m ) , w i l l  f u l f i ll the ex ter na l

mal l  ~f the housimg of unit as cal o rimetr i c equipme nt/d e vice ,

cpera ting according to the schematic of flowing wat t cal~timeter. In

this case, gaug ing consumption of water with error tO. 250/c and the

value ci preheating with error aboit lc,o, the y will obtain error in

- . .~~~~ — -- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - + . . .+ ~- ~~~~~
+ , + ~~~~~~~~~~~~~~~~~~~~~~~~~~ + + + 

-
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the measurement of the beat flux of order i1.5c~ o. This is fair

result.

in their classical pe r f o r m ance in coe ec ticu wi th schematic b

the calcri.eters are made usually in the fcim of tbe tube

arrange/located along tie axis Cf specimen/sample. Inside tube is

introd uced the bod y of differential temperature—sensit ive element —

the meltic leavage d i f f e r e n tial th e r m o couple, attache d on rod from

therm~ l1y low—conductinç material (glass, or ganic glass, etc.) . The

wor king medium/propellant of calorimeter icr tl~e most part is water

(6—10—6—12 ]; however , can be used cther heat—transfer agents. V. S.

Cbirkjn (6—13 ) describes the instrument s Wh e r E  5$ the vorLing

medium/propellant of calcrimeter was applie c helium or nitrogen , and

praheating gas on working secticn was meastred with the aid of

platimum—platinua—rhod i~ m thermocouples.

~as heat—transfer agent makes it pcssitle te work at the higher

tem~etatures of calorimeter , wh ich  in turn , leads to the increase of

mean tem perature of specime r,/sauplE at the sane temperat ure of

heater. However for schematic h this it is not decisive. The

tempe rature differentials here and are so small. +

The development of water calorimeter icr installation s with

radia’ heat flux requires tie careful calcnlaticn of all sides of

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ + _____
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heat exchange in system. TbE importance this is clear, if one

ccnsi ders that the hea t fl uxes ,  receive d b y ca icr ime ter, can reach

10’ kdal/(m2.h). Ihe removal of such flcws unde r conditicus of the

imadmissibility of effervescence (but the mcte the

f praa tion/educa tio~ of s team f i l m s) on wor k in g secticn is feas ible

onl y at the considerable rates ot the mctic t of water, at the same

tim e an increase of the cc q s u m p ticr  is lim ited t y the requirement of

obtaining such jump/drops in the temperatures along the length of the

working section of calor ime ter , which can he reliably measured . As a

result the calculated clearances between tie wall of calorimetric

tube *nd the internal rod of sensor beccme sufficientl y small. In

this  Case, sharply becomes complicate d the ircilem of the measurement

by the regulus of the t i er a c c o up l e  of the a~ eraçe (over  section)

tempe ra ture of f low ( t e mp e r a t u r e  of  m i x i n g ) .

Page 1148.

Beadings of teaperature—sei~sitive element hcgix to depend on the

+ randc. strains of tube , vibrations, etc. Calculation of heat flux

+ according to the measured values ci consumptict , difference in the

tempera tures an d heat capacity does not give  the  true valu e of the

+
+ 

introduced into tube power.

Known outpu t from th is pr c b l em is th e c al ik r a tion of

L s~~~~~ + _ - + + + — —
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+ caloti~ietric equipment/device at tie fixed values of the consumption

ci wa*er. In this case, hea t flux is createc by the transmission of
+ 

current on the external tube of calorimeter. It is assumed that the -~
+ teiperature fields in flow and the reactipu cu them Cf

tem perature—sen sitive ele.ent will be identical with one and the same

ticus under the conditicns cf the experiment and calibration. As a

rule, calibrated ccmplet€ly equipie~t,devjce is not dismantled , but

whcll y (by separate block/rcdule/unit) it i~ ~sntroduced imto the

working zone of installaticn. As an  exampl e it is possible to

indic ete t h e  design f e a t u r e s  of t h e  i n s t a l + l a t i cn  of Ra zor and
+ 

~ac—Clelland (6—12], used ex tens ive ly  the •€ t b c d  of radial heating in

versic~n b. The range of operating temperatuzes of  specimen/sample

durinq their measurements ccmptises 1000—27CC°C. The external and J
inner diameters of specimen,saaples ccaprjse with respect to 50.8 and

)
12.7 mm . The length of working set is equal to 76.2 mm . 

+

Calorimetric tube was  made  m a d e  of t h e  stainless stee l and it

has outside diameter 9.6 ii anc  t h i c k n e s s  ci wa l l s  0.25 mm .  By the

+ housing of tempera t ure—sens i t ive  elemen t js glass small tube 6 mm in

d iameter wi th the walls w ith a thic kness o f 1 i i .  To the  s u r f a c e  of -

this tube with special cement, adhere the lead/ducts of differential

ccppex—co qstantan thermocouple with the djstance between joints 25

m m.  Entire/all surface of glass tube was cc~ ere d wit h the roug h san d,

pertorming the role of vortex generator. ~ v p u t an d outpu t of wa ter

Th
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were ma de on the on e han d of calor imeter; th us, water heav es on

radial clearance and is derive/concluded within glass tube. According

to the estimations of tie authors, any  kin d the overfl ows of heat

both along the duc t and thrcugh the glass wall could be disregarded.

Page 1149.

6—5. 3cme observations about the ccnditions of temperature

mea surements in radial methcd .

For tl~e calci lation of the coefficient of thermal conductivit y

(see ~ormula (1—98) ] it is necessary tc measure the temperatures in

two pciats, arrange/located on different distances from the axis of

specimen/sample. For this purpose , in s pe c im e n 1sample  usua l ly  are

drilled special ca vities. During the measurements by thermocouples

these cavities, as a r u l e , were par a l le l  t c the axis of

specimen/sample. Thus, in the ideal case theruc -electrode lead/ducts

fo r  suff ic ient ly large extent/elongatio n go alo~ g isothermal  sur face,

which remo ves the d i s t or t i cn  of t h e i r  r ead ings  because of heat

wi thdrawa l frcm regulus.

Durin g the use of optical pyrcmetry, sometimes are applie d the

ra dial channels, in the ideal case which •ake it possible to measure
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the temperature of the bottom of this cavity. Speaking here about the

ideal cases, we are distracted 0G1 of a nuiter of factors~ which

ccntrjbute of the error in m e a s u r e m e n t s .

Ryrometric channel has finite dimensicns . ‘the consequence this

a t e , jn the  f irst  place , tie distczticn of temperatur e distribution

ar cun d it an d, in the seccud place , the ap p e a rance  of a

ncnisqthermicity along the surface of this chanrel. Thus, arises the

qm.st icn ccncern ing  t h a t  which  w i l l  measure  our  seascr (or pyrometer)

in thjs channel ai~d as measure d va lue  is ccrre la te d wi th the

temp er a ture, characterist ic for  tb~ s cccrdirate in the a bsence of +

djstuuhance/perturbatioçs. In the case of radial channel to the

foreground , is advanced the prcblem of the effect of the Longitudinal

ocRisOthermicity of cavity cm the effective emissivity of its bottom.

lasic questions of pjroietry ir ncrisctbetial cavities are already

examine d in Chapter 2. here has sense to ucte cnly scm e + +

torque/moments of the f i r s t  p r o b l e m  — the distortion of temperature

field in the range of pyrcietric channel..

Ror linea r heat flux (in the undisturbed zcie) this question is

most thoroughly exam ine d by V. N. Pcpov (~~- 15). In accorda nce with

his derivations the value of the distortion of the temperature field,

caused by the presence of tie cylindrical inclusion , orien ted norma l

tc th. direction of heat flux , no t lceakly d ecreases dur in g  removin g 

~~~~ -~-
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of inclusicn from the plan ., which limi ts half—space.

If is introduced the dimensiorless tem~eratir~ ?. (t— t0) X 1~ /

q,a, radius &~
cp /a and a relative re.oval./dfstenc. .z6/a is searched

fpr the solution of equating Laplace VaI~O in tie form of the sum of

the undisturbed solution and disturt.ac./perturtation, i.e., T=T*40

at the bou ndary  condit ions

T u m G n ~ui R .i.x/i$n~~; -
~ 6 1 1

~ey: 11). with,

th. disturbance/perturbatio n at the cevptral pcimt of the range of

iaclusicn (Fig. 6-14) can be it will be presented in the form

_ 
(I —rhI, 2 f~ [I + (
~~

) 
~ 

(6.12)

I

~~~~~~~~ w.’~ 
,,,,,, ,

~~~~

~Lg. 6—b . Half—space wi th cylindrical inclusicn (6—151.

1+ +
~~~~~~~~~~~~~~~
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Eage 150.

Are here used the iclicuing designations: t — current

temperature ; to — temperature on the surface of the semi—bounded

array 3 g0 — hea t f l u x  in the d irec ticn cf axis  at inf ini te remov ing
frcm range I; a — radius of range I, )~~~ an d )~ — coàfficients of the

thermal conductimty of ranges II az~d I;

(*+ Y~’—I )~~; (6-13)

large x~ )5—6 with an accuracy to 1—2o~c,~ equation (6—12) is led to

the sj.pler form:

‘
I’ 2i~ ~~~~ 

(6.14)

Value of disturbance/perturbatjcn4 calcula ted in (6—15)

according to equat ion (6.12), represented in h g. 6— S. Utilizing

these da ta, it is possible to est ima te the error  dur in g tie

measurements of temperatures by tiermoccup ]es.

~n the case Qf applying the pyccmetr~.c metbcds to note

expediently exa mine not disturkance,perturtatjc m in center, but field
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distrjbuticn of the d i s tu r k a n c e/ p e r t u rt a tj c r s  of the tem pe ratures on

the duct/contour of charnel , i.e., with r=r 1 (R~ 1). ‘the latter is

described by the fcllowing expression :

i — — 2 P ’~~~1E4,,x I

X( ’~’— r j ~’) cos~t~. (6.15)

where

+ ~I +(~4—~) 
; (6.16) +

- 
cos i -

~~

-—,

~~~~~~~~~~ 

. (6.17)

~n this case, for the iajcrity of structural material s in

tempera ture ran ge to 2,C00—~ ,500°K in expressic t (6.16) it is

possible to assuse a=0. For materials wit h very low ther ma l +

conductivity and high e.issivity factor in high—temperat ure range for +

shaping of temperature field on caral surface, mill notictably affect

th. heat exchange by enissicn/radiatio~ . In this case the given laws

car prove to be already ineffective.

Are interesting absclute magnitudes of error , introdu ced by +

chana•l, during the measurements Cf thermal ccrdnctivity.

I

-

L + + — —
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j

h g. 6—5. Distortion of temperature field at the central point of

circular range on (6—15].

Page 251. -

Such estimations, in par t i cu la r . were  conducte d by V. A. ~eygran ik.

m ba uzud the basic results cf work (6—15) tc the analysis of radial

prcbl.m.

- + ~~+ + +
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The outside diameter ci spEcilem /sauple is equa l to 65 mm ,

internal 111 mm; the diameter of the pyrc.etric channels, drilled in

+ parallel to the axis of specimen/sample at distances from it 10 and

27.5 m m , it is equal to 2.5 mm .

with calculation the thermal condictivity cf Specimen/sample was

accepted equal to ‘40 W/(m .deg), and a-= )~~/k 11—0’ .1. During a change in

the h•at flux (directed cutside) frcm JCO tc 2~ 600 V/a t h e  value of

distuxbancejperturbaticr for e ter~ al an d irterl.al pyrometric )

channels comprises with respect to 0 .005— 0 .5 and 0. 09—0.95°. The

temperature differential cm the appxopniatc radii chan ges in this

case within limits from 3 tc 50° C.. Tbua , t h e  d istor tion of field, )

caused by the arrangement/pcsitic n of temperature—se nsitive element

- i_n pyrcnetric channel (with the relative thermal conduct ivity of the -~

su bstAnce cf temperature—sersitive elemeqt a=0.1)_ in this case

cc~ducts to the error in the measurements of thermal conductiv ity

frcn ~o/o at low temperatures to 1.5o/o wjth biçb ones.

Calculations show that for decreasing the error the most vital

imporLance has removal,cistance ftc. the apis Cf internal duct; it is

expe dient to ha ve c > .  J
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6—6. Ixamples of the use of a method of racial heat flux.

Ecr the illustraticn of the pcssitiljties of the examined method

ct measuring the coefficient of thermal coi~ductivit y in Table 6—2. is

represente d the group of the typical works, which cover the very w ide

circle of materials and t€.perature range.

+ With acceptable for practical needs accuracy the me th od makes it

possible tc obtain information about the ccnductiv~ity virtual ly  of

any structural materials , u sed in ccnte .pprary high— temperature

technclogy from special compositicas oq oxide or carton— graphite

basis to dense metals ard their alloys.

The l~ wer leve l of tem pera tures flOt ~~CEctly depends on

conductivity; it is characteristic that fQr ictals it lie/rests at

area of 1200°K ,, for oxides of 3C0—600°K. VppEr temperatures are

limited by the stability reg ion of the wor k cf b ea ter an d th ey reac h

2,800’K.

The majority of the works, presented in table, is made according

tc schematic a. This is nct random , the complexity of the realization

+ of schematic b in the majcrity Ct the cases when is not placed the

proble. of achieving the maxi m um tenperatures, forces to g ive

preference to schematic mit t irtetral beating.

- --—

~

---

~

--+

~

-- ,-,— ---——-- .—  —=-—-—--- - --
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~s characteristic the  scatter of of thcse  indicat ed by au thors

+ ct errors. Miflimua value tso/o reflect s in Essence rando. mea sur ing

error The account of systelatic Ones errors leads to the more +

reliable values, which lie at range 8—iSo/c.

Page 152.

6—7. lIne of tvo—dinensicnal prcbleis for ae~suriug the coeffic ient of

t he rma l  c o n d u c t i v i t y .  +

The use of electronic c o mp u t e r s  makes it p assible at present

+ considerably expan d t he  c i rc le  cf the probicas which could be placed

as the basis of the experimental determination of coefficient of heat

coqduativity. In large icasure experimenters ’ tendency toward

cne—djaensional heat fluxes is explained by tI~e natura l wish to

emclude large volume of calculated works, ap p e a r i n g  dur ing  ana lys i s

~~ — amd three—dimensional temperatire fields. +

L +
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Table 6—2. ~~ealization of the method of radial heat f l ux  in
the measurements of the coefficient of thermal conductivity.

Pa O i 
B.pM~II1” tic £osuS*We wepN*.~l ~ florp,w.ocTh ~ o

~ AM$fl1X~ ?e~~flep.Typ. •J~ o1~uSt. S.tO$X4)

WI.6-9 1 a ~~OKucb MarHHL OKIN b ±9%
aJU OMHKHH . OKH~b UHpbWHHJI
(~~o 2 000)

fJ1. 6-I0 , U~’~ )J M wiw S WN ( 1200— ±5%
1/1.6- I l  . 

- 
~2 M(K)), T8HT a.1 (1300.—

IJL6-19 2 800) , rpa4~i N ~T.1e-
- rpa4w~TOBbH. Narepna m~.11.6-20 . 6 ~ç iKapOi~sw Thraua N ILIW- ±5%

116-21 )coiimt (800—2 400), OKHCb
ôepH.Lm~l (600—2 300)

(.1.6-251 a OKI~t~b L1IOMHHNH (900— ±2()° o
I 700). OKHCL. LU1~ KO HflH
(900~— I 900)

(/1.6-26) , a OIUICb ~‘IepH .’LlIb~ (~ o ± I0~~/1.6-27) 2 300)
/1.6.28) a ~/1~yoKHcb ypa~a (600— ±(6÷8)’/, r)pu paOo-

2 300) Ic c nupoMelpos;
±(~÷~~

)% flpfl ~~~ O- (
~le C ~~~~~~~~~~~~)1.6-29( . a ~ i Tpa4w~T . Kap()NJ1 xpet4- ±(6÷l0)5’s

.11.6-30 . HWI H yrMrpa4JIIToBue Na-
11.6-31 , Tep.4aJIba pas~M 1Iioi~ flJ~OI-
/16.32 - HOCTH (Ao 1 500)
.13.6-16) /IWN,e- fl~as~eHI.~* KBaPU (300—

pe~ u~a~~ - 2 100)
I~bII 5$-

ptlaH, -

cxe~~i a

~ey: (1). Works. (2). V€rsicn of schematic ci method. (3).

Inves tigated materials an d temp er at ure ran ç e. O~~, (4). Error

(according to estimation of authors). (5).. 16—93. (6). Oxide of
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ma gnesium , oxide of aluiiaus , oxide of zirccni .u. (to 2~000). (7).

I~olybdenum — tantalum — graphite ard carbon—graphite mater ials. (8).

Carbides of titanium and zirconium — oxide of teryllium. (9). Oxide

of aliminum — zirconium oxide. (10). Oxide ci Lerylliu m (to. (11) .

Uraniam dicxide . (12) . in wcrk with pyrometer; (13). in work with
+ 

tbernccouples. (14). Graphite , car bide cf s.aliccq and carbon—graphite

aaterjals ci different density (to. (15). tiferential vers ion of

+ schematic a. (16). Vitrecsil .

rage 153.

At the same tine with temperature risc , the or gan iz ab ion of

usifoxr heat flux becomes ever more ccmpl ex technical problem .

~esearchers, armed by ccntemporary ccmputer t€ ch~clo gy ,  in creasin g ly

ucr e ~requently give ptQtet€nce to ccmpa rat+Av ely simple eiperimental

equipment/devices,, which ma ke it pcssible tc create and to

investigate three—diaensicnal,tspace temperature field in

sp scime n,’sam ples, transferring the center ci gravity of work to the

ma thematical perfecting results cf neasurelents .

Is an example it is possible tc indicate the work of Glezer etc.

[6—34 g. The diagra m of the tse d in this work installat ion is given in

rig. 6.6. Specinen~~sa.ple is arrange,located in the focus of the

tirror of arc raflectinc furnace .

- -— + - ~~ - + +
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For decreasing with radial component ci the gradient of

te m peratur es, the  a u t h o r s  m a k e  t h e  diameter ci ~p€cime n/sample Less

than  the size/dimensions ci focal.  spot and , f u r t h e r m ore , t hey shie ld

his lateral surface by platinum screen. The diameter of

LE.ci.en/saa?le of a~ prcxima tely 9.5 mm , thickness 1.6—3.2 mm . The

clearance between the screen and th e specjaefl/sample is equal to

appro;iiiately 0.8 an. Ibe a t t a c h m e n t  of spEcimel/sample is realized

by three tungsten needles, attache d in hclder.

I
Two prisms make it possible with the aid of optical

•icropyrome ter to measure the temperature dm strikuticn over butt

eads. Monochromatic emissivity is considered kncvn . Furthermore,

cp.ning/aperture in hclder and lateral screen makes it possible to

determine the temperature of .idpoiut of lateral surface. The

area/site of the sighting at the used aicz~~ yr c r e ter does not exceed

in diamete r 0.1 mm ,

The heat flux , scattered from the rear end,face of

specimen/sample , in steady state is measured with the aid of

radicmeter . The special system of the cootec and uncooled diaphragms

makes it possible to remove parasitic beat fluxes. During the

measu rements of flows , irism 3 is derive /concluded from the zone of

-A
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’

th . cqne of radian t flux, w h ich goes to ra~ +icme ter.

Pi g. 6—6. Ciagram of installatic a Cf Glezer (6—34]. 1 — radiometer;.

2 — cçoler with screens (ccc].ed diaphragms ) ; 3 and 7 — prisms; 4 —
uncooled diaphragms; 5 — sample hclders; 6 — specimen/sample ;. 8 —
mirror. --

F_age 1_4.

The e;ception/eliainaticn of the eIission/radiatio~ reflected during

the pyrometry of front lace is reachE d with the aid of the special

filters (see Chapter 2), which divide the spectral sections of that +

heating and measur ing the luminous fluxes.

Thus, the used equipiert/cevice makes it pcssible to heat

specimen /sample up to necessar y temperature , tc investiga~e the

temperature distribution on its lateral seriace and to measure the

L. ~~+-~~~ +~~+_+ -~ — -+~~—--~~~ -~~~~~~~ —-~~~-- -~~~
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beat t lcw, lost from rear srrtace. Ibese data are suffic ient for the

calcu &ation of the coefficient ot thermal ccidcctivity . The first

space is the numerica l sc iu tion of equa tin g L a p l a c e for fin din g

volumetric distribution of temperatures on assigned distribution on

serface. With this authcrs they assume tha t the problem is

azisymmetric, but the ccetficient of thermal cc~ ductivit y does not

depend on temperature. Is utilized the knobi method of relaxation

[6—35~ 6—36). The secticn of sp€ci .en/saaple by the planed passing

through its axis, is ap~ rozima ted by the sq*~are carryin g Out grid

(with the size/diaensic r Cf cells 0.+32XC.;3~ cx C.16X0.16 mm) .

The consecutive relaxatio n of remaind er eguations is conducted

u.mtil residue/remainders at nocal pcints beccac less tha n 5.10 g.

After this with the aid of electroric ccnputer , is calculated normal 
-

tem perature gradient at the nocal [cints of the rear surface of

spec imen/sample, an d then by  summation over it is determined its

integral value

gradjd~.

The coefficie n t of thermal  con d uct iv i t y is calculated from the

cbvioms relationskip/ratic

_________ 
- 

- 
(6-18)

- 

~ (t.d ,~Td1 
-

where ther mal flux Q is located as sum cf the flow, perceived by

- I

-- --~~~~~~~~ + +~
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ra diometer , aqd correction (to 100/c) for c c4v ec t i ve  losses from the

snrface of the specime n~sampl e (experiment is ccnduc ted in air)

That tound from (6—18) the coefticieat of heat cond uc t iv i ty  was

r e f e r r ed  tc  mean t e m p e r a t u r e  of t h e  rear  su~ fac€ of the

specimen/sample

T.=4.j
fdf.

’ 
- (6-19~

Page 255.

a ccmmon/gene ral/tctal error ci mca.~aremen t the autbçrs estimate

by value ± 100/a. It is pcssible to agree with their apinion that the

basic contribution to exrcr gives ~ct the  ue thc d of ca lcula tion (so,

t h e  d~crease of the space of grid ftc. 0.32 to 0.16 mm i t change d

result in X not more than icr 5o/o), but tie acciracy of measurements

ci temperature and heat fluxes. During the cescribed installation the

authors will fulfill the measurements -of t~ e coeff icient çf the

thermal conductivity of zirccnium cxide in the  range of temperatures 
-

ci 1,200— 1,500°C.

~t mus t be noted that the chosen ir th is  w cr k metho d of

neasusemen t of hea t flux frcn rear surface is permissible only if the

emission/r adiation of specimen /sample cbe~ s the law of Lam bert . For H
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the metallic specimen/samples ci the  me asu r em en t of ra dian t f l u x es in

normal  direction tc r ad ia t ir g  sur face, do rct make it possible to

tate/estimate the value of hemispheric  €mj ss icn ,rad ia t io n wi th  it.

+ To the direction , presented by the work ci Glezer, on spirit its

ad joins the series of tie e xperimeLts, made by ~boch and  dolleagues
+ 

[6—37 , 6—3 8 ]. tIers also is examined two—dim€nsi -cmal temperature field -c
+ in l imited cy l inder .  .Ju st as in t h e  pr ecad ing,p rev ious  wor k , the

temperature gradient, introduced dering the calculation of I
coeffjcie~yt, is calculate d cn the lasis of the sciution o~ the

probl4m of temperature d is tr ibu tio i. He at ~~nç spec imen/ sa mple is
4’

cc~ducted by induction iethcd with frequency of 500 kHz. in  this

case, according to the estimaticns of the authcrs, the depth of the

zone ~t heat release does nct exceed 0.C8 im w ith the diameter of 
-

+ specimen/sample 12—25 •i. Th e leng th of sp e c im en~sample iS varied

within the limits of 6.5—38 mm . -~

in experimen t is measured the temperat~ re distribut i~ n over butt

end ot specimen/ sample , a p p r o x i l a t e d  by  t h e  p ar abc la

r~,fr , L) —e(uR’—#4), (6-20) -,

wb •rs $zT,—T; YR — tempera t ure on an external radius ; R — radius of

sp.ciu.n/sampl. ; r — i n s t a n t a n e o u s  radius ; I — temperature. 

++ - - ~~ --~~~~~~~~~
+ +

~~~~ - -  ----~~~- -~~~~~~~~~~~~~~~~~~~
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On the basis of the t ac t tha t in marg i r s  Cf error in the

pyrcm ltry does not succee d in r eveal~detectitg changes in the

tempe rature along the lateral surface Ct cylinder , as the first --

approiimat ion duripg the tcrau]aticn of bourdary conditions, i t is
+ 

~~oepted that on lateral srtface tie temperature is ~~nstant, i.e.. , +

$1I .z) =0. +

Pa ge 156.

mnder these boundary ccnditions the prcble i is simply solved by

the method of separation of variables. lesperat ure field is described

by the infinite series -

(6—2I)~

lence it is possible tc calculate the value of the longitudinal )

gradiant of the temperatures in plane zL. For the axi s of

specimen/sam ple, its value  is re presen ted as fo l low s:

— 

~~ L 
4~ R ~ u~ (4- L) J = 4aRK,. (6-22)

n—I

~n the last/latter expressio n 
~~~~, 

is the certain shape factor,

whic h depends only on the zelaticnshi p,ira tic of the size/dimensions 
-

+ of specimen/sam ple (for this type ci boundar y ccnditions).. However
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designe d , it is utilize c during the treatacLt of an entire series of

ej p erime n t s.  The gradient cf temperatures (6—22) charact er izes the

bea t f l u x, scattered frcm tie Cell/Element of the surface of

spe cimen/sample  by emis s ic n,ra diaticn (in vacuum ). 
I

lb. authars assume that the irtegral hemispheric degree of

blackaiss ~ is known. Then for the calcula t ion at therma l 1
conductivity it suffices to kncw tenperatere T ,~~~1~~L I

1= 
- 

(6-23) 1
Final calculated relationship/ratic is ccnstcucte d taking into

account the possible ncnisothet.icity ot tb~ lateral sur f*ce whose

effect is described by additive ten , in the dercminato r of expression

(6—23): -
I

a’— 6-24’ d— 4.RK • + 2i ’s’L’ ’K’ ,

where a’~~~ charac~erize tie temperature distribution over the lateral

surface:

*‘(R , z) =—-ea’( L,,—z,,1), (6-25)

and K’0 — one additional shape factor; values I~ and K’0 d epen d ing on

1/1 cm the data of work [6-37 ) are giver in Fig. 6—7.
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The introd uction of the corrective tern ixz (6—23) cha n g es the

co.fflcient of therma l ccnductivity to the value , which reaches 50/0, -

which indicates the impcrtarce of tt€ reliatle determination of

teipezature conditions cm the lateral surface Cf speci men/sample.

The authors investigated the thermal conductivity of molybdenum

in the rai~ge of temperatures a)00—2,400°K and Bandl’

(1,600— 1,800°K). An errcr in the data is estimated at ±150/0 J

(aclybdenum ) and 200/0 (vanadium) . In (+ 6—3€ it is ccmaunicate d about
)

the results of the investigation ci the thermal cc~ d uc tivi ty of

graph ites.

~t should be noted that the serious limitation of procedure is

th. need for the enlistment ci external data bcth according to

integral and according tc mcncchrcmatic e.issivity factor. The

dependence of these characteristics cm expe rimental cond itions and

the pqssibility of chancing th em in the prccess of experiment can

+ lead to serious errors of m€asureme~ts.

I
, 
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Chapter Seven.

bESULTS OF THE EX P+E RI MHI AL INVZSTIGATICN CF THE THERMAL CONDUCTIVITY +

CE RETRACTOR! flETALS IN H i G H — T E M P E R A T U R E  R I A C E .

7— 1. the temperature depe;dence of the coefficient of the thermal

conductivity of metals.

the basis of contemporary high—temperature metallic materials

ccapose the cell/elenents of the fourth , b~ heel , the sixt h and

p~ rtly seventh and eighth of the groups ot the periodic system,

arxange/locat.d in the f o u r t h , by post and t h ~ e i g h t h  its series.

Among them lost vide accep tance  as the  basis of heat—res istant alloys

+ 
they will find titanium , n io bium , t antalum , m o ly bdenum and to the

Wol fsj

Page 158.

Remainin g cell/elements either due to their h i g h costs or according

to physica l properties in essence are itilized as addi tion  and the

i n f o r m a t i o n about t h em t h u s  f ar  t h e y  ha ve m a i n l y  thecretidal and +
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metrological value.

+ The range of temperatures , that is of icterest for

high—temperature t~e ch n o lo g y ,  it l iE ir e ~ ts w i t h i n  l imi t s  of

1è CC0-~2,50C°I~, but sometimes also it is abcve . Ccaparing this level

with the values of Debyc tenperatures I,~ for the exami ne/donsidered 
+

b y us metals, it can be as5~~.ed t h a t  the  a n a l y s i s  of exper im enta l

da ta their thermal  c o n d u c t i v i t y  a n d  the  e l ec t r i ca l  resista nce should

be coaducted , relying or the derivatioqa of the thecry of transport

phenomena, obtained under ccnditic r T>e~..

Characteristic for this tempetature rarge can be conSidered

following basic facts. 7he distribrtion ot electrons according to

+ 
energies is characterized by the pteseqce of t he  “washed away” layer

wi th ~ width of order of kT near Fcr.i surface. the basic reason for

the ljsitatioq of the mean free path of electrcns becomes their

interaction with lattice vibraticns .

the wavelengths of phcncns and cccducticn electrons become the

values of one order. The consequence this is the fact that the

i m p u r i t y/admix ture (wi t h tac grea t a d i f f e r ence in  valence) they

begin in identical measire to scatter tbese types of exci~ ations. The

bea t Capacity of la ttice ta kes the cons tant  v a i r e, deter mi ned by

tu lcn~ and Petit’s rule  and equal to 3 Nb.

+

~ 

+ + +
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Let us point out for the basic derivations of theor y of transfer

(~~-111, that are the basis ci the q u a l i t a t i v e  (and scietimes also

guant;tative) analysis ci the results of experimental investigations.

~t is possible to assume that total heat transfer in metals and -

alloys can be represented in the fctr ci the su m of its two main
componen ts — heat flow , transferre d by lattice, ) .,  a~d th~ flow,

t rans~erred by conducticn electrons~ ~~
, , i.e. -

- ~.p+A,. - - - (1-1)

set/assuming by valid it guides Mathiessea , for reciprocal value

of screen con ductivity, it is pcssible to mu te the

celatjcnsh ip,’ra tio

• ~~~~ W1~~ W~4W~ ~~~~~ (7.2)

wh.re Wv — the the r mal resistance, cau se d by the Umk lapp processes

dur i n~ phonon— phonon interactio~s, i.e., by the prOcesses~ dur ing

which the wave vector of phcnons changes to final value; V~ 
— 

(

resistance, caused by scattering ci lattice detects; V, — on the

boundaries of spec:inen/sample; V e — on c o n d u c ti c n  S]Ectrons.

Page 159.
A
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~o~di tion ‘1>0 for value V~ can be obtaine d to llcwiiq  expression

(7-~11j: 
+

-~(7.3)

wher e ~ 
— constant Gruneise n Do~~ m a t e r i a l  d e n s i t y ;  s — speed of

scund; a — lattice constaqt.

If the speed of sctnd is expresse d b y th e  Ceby e tem peratu re 9 ,

then expression (7—3) on the  a s s u m p t i o n  t h a t  c tber  mechan i sms of

scattering are absent, it leads to tollcwinj f o rm u l a  for  t h e  t hermal

col)ductivity of lattice (icraula of Leibfreid aid Shle ma n).:

(7.4)

MI’bb er e

+ Here: A — average a t cu i c  weig h t ;  ( a ]  =~~; (9) =°K.

the estimations of the mean free path cf p honon , the which

diaradterize the type ic question scatterji~çs, can be carr ied ou t on

the fQrmula, also obtaine d by L€ .ibtteid and Shleaa n (7—18]

I ’%~~~..!f! a, (7-5)

- - ++ -~~ — — - —— — —  - r  — —
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where 7~~~ — melting point.

Gne sbould note the a p p r ox im a t e  cbar aot er  cf t he  given

relationshipjratios for ~~~. Ziman emphasizes that them one should

consider as lover limit of thermal ccnducti~ it y which is conne cted

with application/use in the derivaticns oZ variational method.

That composing resistances W~ in h i g h — t e m p e r a tu r e  range  can be

accepted by constant; its value depends on tcrx and concentration of

lattice defects. V a l u e  W , in hi gh—tem p eratmi e r a n g e  can be

diere~ arded.

+ 

Fcr meta ls  and a i lcys, specia l  inte ’ est is shown the examinat ion

of th~ role of last/latter term in expressicn (~—2) — resjstance, +

caused b y phoqon— elec tr cn i c  in te rac t icu .

Page 160.

Ziman shoved that in the temperature range higher than the Debye his

value can be estimated in accordance with the expression

2
w

+ 

•~~ j~7~j* ’ (7-6)

where p, — the electrical resistance of metal , cc;nected with

electzcn scatterin g as a result of lattice vibrations. Taking into
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acccunt  th a t  at h i g h  t e i pe r a t u r es  p .~ “1. it  is possible to draw the

coi~clusion that d u r i n g  c h a n g e s  in t emper a tur e  ~~, it wi l l  r e m a i n

coi~st~ nt .

According to the .st~~iat ic;s cf Zim an at £ebye temperature for

+ the •~ nova lent metals V,~~C.1 L~.. At higher temperatures the effect of 
-

+ phcn om—elec t rcn ic  int e r a c t i cn  cii t i e  totaL resistance of lattice

must, therefore , decrease.
~~~~ 1

Thu s, in range T>9 we right tc Expect the following temperature

dep en den ce of the screen c cm p r i s i n g  of the a e t a l s : a
~~~~ A T + B ’  (7. 7)

I

where ccnstants A and B depend on the structure Cf mat ter and its

physical characteristics.

The second component  Cf thera 3i conductivity I,, caused by the

transfer of therma l energ y by c o n d u c t i o n  e l ec tr cn s , also is

determined by the jc int  e f f e c t  of d i f f e r e n t  m e c h a n i s m s  of scat ter ing.

The i m p o r t a n t  ones a m o n g  t h e m  are sc a t te r it ~ç e lec t ro ns dur ing lattice

v jbrations (electron—phcnon interactioq) and scatter ing cm different

structural defects. If corresponding cc ipoflent of ther ma l resistance

are designated W ,4 and N ,~ • t h e n  i t  w i l l  b e possible to wri te:

(7-8)

_ _ _ _ _ _ _ _  -- 
_ _ _ _ _ _ _ _ _ _ _ _
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-Lu high— temperature range , the thecry predicts the eXistence of

single bcqd of both of ccmp cnents aith the appropriate compone nts of

the eLectr ical, resistance of metal.

+ Page 161.

‘lb. e;pression of this ccnhlecticn is Wi deman — ?ranz ’s law , whic h

acts always, i~hen scattering can be considered elast ic. In accordance

w i th jt
- •  

(7-9)

and
(7-10)

~~~ ft.

,~ 
L.i .j. (_~.-)‘=245.Io-. va/d.g2. J~~hus, el€c trcnic com ponent of

th•rsa l conductivity of metals and al loys can  b e ex pressed throu gh

Lorentz num ber and electrical resistance p:

(7.11)

where ~ — electrical co~ ductivity.

Iloch’s know n formula [7— 19)

(7-12)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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)

sakes it possible tc m a k e  t h e  conc lusica  t h a t  i n  the absence of

admixed scattering in iceal metal the ccefficient of electronic

+ thermal conductivity will act depend on temperature. In the more

gener al case we must, it is pictabis, tc exp ec t a tempera ture
)

+ dependence of the type

(7-IS)
“+4-

I For a series of tran sition me tals, tbi~ de pen dence ev en more

becoaCs complicate d in ccnn€cticn m it h the increasing with the

te.perature role of electrc~ scatterings frcm S-zone in d—zone. To

curve p (T) this is expresse d into fcrm of civergence fro m linear

dependence to the side Cf decrease dp/dT. ‘Ike relative change in the

resistivity, caused by this piccess, ne gati-~e l y  and accord ing to

Ziman can be estimated cii the formula

~~
-= —a- (-

~~
)‘
~ 

(7-14) 
•

w here CN — a distance tics Fermi surface tc the ceiling of d— zone.

taking into account this Expression (7.13) should be written in the

form

(715) 
)
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Page 162.

Thus~ electropic ccaponen t of thermal conductivit y of metals in

th. general case can grcv~ n ise wi th tem perature.

Takin g into account screen c c i pc n en t  t i e  ccmmon/general/total

thermal  con d uc tivit y of me ta l s  and alloys in dependenc e cm the

tem peratur e in range T>6 can be writtefl as

,IT+B + I .E 1~~+~ r I  (716)

and be characterized both by the p ositive and negative values of

temperature derivative.

+ It must be no ted th a t  in high—temperature range in accordance

with the theory of the cc~ d~ctivit y of metals an d alloys the

e~perjaental values of Io rer tz nu m ber (con side r in g  an d screen

cc.pome nt) cannot be lower than theoretical valac. This gives known

evaluation criteria of the authenticity of cne or the other results.

In spite of the doubtless successes of theory, reached at

presen t, its level still dces not allow mitt sufficient for

technclcg y accurac y to predict the absolute value of one or the other
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k.inet;c properties not cn ly for complex contemporary structura l

materjals, but also for the ma jority of pute/clean cell/elements. The

decisjve word thus far belcags to experiment. ‘Ic the lot of theory,

here r ema ins  th us f a r  f i r d i r g  the a p p r o x i m a t e  phys ica l  model , whic h

quali tatively ex pla ins cne  cr the cther speci al f ea tu re/pecu l i a r i ty

cf the investigate d phercaencn .

7—2. The exper imenta l  da t a  cn h e a t —  and of elec trical con ductivi ty of

r a f r ad to ry  metals in h i g h — t e m p e r a t u r e  r a q q e .
4

~n presen t par agr a p h  are g iv e n scac r e su lts of cur

investigat ions, obtained during unstallaticrs aith the electronic

heating (see Chapters 4 and 5). Where this is proved  to be possible,

is con ducted their comp ar i scn  wi th cther au thors ’ results. In this

case, in this stag e, the circle of the cc .par€ d works is Limited only

by thqse, in whic h is measured  precisely the co.fficient of thermal

conductivity. The analysis of data , cbt aine d f r c s  exp erime nts the

reasuremen t of thermal diffrsivity, with tb€ rare

exception/eliminations Cf ccmpcsite me asurements, will take away us

to the side of the critical examinatio n of cata on heat capacity and

densities and, perhaps, will act explain c c m m c n  picture.

Page 163.

~1

L_ _ _ _ _ _ _  - + + -~~~~~~~~ -~~~~~- - - ~- --- -~~-



r~~~~~~~~~~~~~~~
-

~~~~
-- -  

~~~~~~~~~~~~~~~~~~~~~~~ 
- - -

~~~~~~~~~
- —

~~~~~~
-
~~~~~~~~~~~~~~~

- - — -
~~~~~ ~~~

—--—-+ -
~~~~

+- - -

DOC 78133107 PA GE ~Lê-4-—

+ 

Metals of the f o u r t h  su k g r o u p  of pe r iodic  s~ s teu  t i t an iu .~ z i r c o n i u m ,

h a f n i u m , t h o r i u m .

Gf all refractor y metals this yrcup ix the temperature range

higher tha t 1,000°K is least investigated. ‘Ibe experimental data on

th. therma l conductivit) cf titanium and thcri-u u generally are

absent. If necessary for the sufficiertly appi climate estimate in the

case qf titanium , it is pcssible tc use the value of thermal

diffusivity, measured in work [7—11). Cn its a~ thors’ data , in the

tem peratur e range of 1 ,156— 1,5Q0°K (beta—phase) the ther ma l
)

diftusivity of titanium is coqstant and equal tc 6.0.10 ’ m ’/s. In

the range of phase tran~for.ation, it experience/tests jump, :)
descending to 5.1.10— 6 m ’~s. The characteristic of specimen/sample is )
assigned by the value of the relation ct cesistaices P2,s°M/ Pe.a..ac

=110. -

~irconiu. is studied better. Ii (7—1 3 are giver, the data of
Fieldh ouse, obtained by the method of radial heat flux in the

temperature range of 1184— 19 5°K. *

The inves t iga ted  ix  t h i s  w c r k  m a t er i a l  c c r t a i n s  99. 95o/o Zr,

0.Q29q/o Fe, 0.017o/o C an d  0.~O045c/o H~ . Pindungs are represented
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curved of 4 on Fig. 7—1. Here are g iven  r e s u l t s  of the investigations

ct D. L. Timrot and V. E. Peletskiy (4— 17] ~curves 1 and 2) and the

recent data of V. I. P.l.tskiy and Ta. G. !cbcl’ (curve 3 and +

exper imental p cwvls ) . tr~ uiopj .. t ~— 1 7 ]  is investigate d iodide

zirconium by purit y ~~ .5o/o with speci.e~~ s~ iple den sity at the roo.

temperatur e of 6.115 g/c m~ . Jnvestiçatiors were made ca one of the

first versions of the installation , wotkinç acccrding to the method

of thi electronic beating (see Chapter 4). Eefcre measurements th~

spe cimen/samp le passes as three—hour annealing in vacuum 10~~ mm Hg

at temperature of 1,800°K. Fesults (curve 1) detect the increase of

the cgefficient of the thermal conductivit y of iodide zirconiu m with

tempe r ature. 
+

Fig. 7—1. Thermal conductivity of rirconivi .

l~e~ : ~1)W.cm ’~ deg *.

Page 164.

Un der these con ditions were carr ie d ou t the measu r emen ts in the

~~~~~~~~~~~~~~ +_ _
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specimen/sample, p re pare d f r om the ma terial , obtained by the )

remelting cf iodide zirccnium in electric—a rc furnace. Crucible was

made from graphite . Smelting occurs in the m edium of argon . The -

results of measure m ents (cerve 2) will pro ve to be higher than the 3
data for an initia l iodide material on the cverage by 30—85o/o with

the maximum error for single m€asureae~ t nct mcxc than 12—15o/o.

V. E. peletski y Ta. G. Sobol’ (curve 31 also investigate 
-

t emelt ed zirconium. Billet  for a specimen/sample is prepared with the +

method of cathode—ray zcne r€iieltirg fcr vacuu m . The composition of

spe cimen/sample with the ccntent of base metal ~ot less than 99.90/0 
+

J
is characterized by following impunity,admia tutes , o/o: 0.01 C; 0.005

Nj; 0~~ 01 °~~~
; 0.009- Fe; < 0.002 Al; 0.03 Nb; <0.CCS Cu; <0.003 Ti; 3

(0.005 Si. The resistivity cf specimen,saaple at the room temperature

~=23.5°C will be 144.2 ~c.cm. Neasurene4ts were made during

instaLlation with the calorimetric measurement cf heat flu x in the

working section (see Chapter 4) with ap errcx in the single

measuEe.ent not more than 6—8o/o.

-4

Experimental data are represented by circi es. They will confirm 
-
~

the vilues of the thermal ccndizctivity cf tie remelted material :

tem perature course and the absclute values cf cvrves 2 and 3 were

very Close.. Cur ve of Ficidhouse occupies thi intermediate position

between our curves for reielte d and iodide airccrium and it is -

‘
eq
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characterized by weaker temperature dependence .

~t is not—without—interest together w i t h  these data to examine

the temperature dependence cf resistivity. Ike necessary measurements +

of electrical conductivity cf that remelte d by the method of zone

melting of zirconium were made by V . P. Druzhinin. They are

represented oq Fig . 7—2. Curve detects the presence of wea k m aximum

in the range of teuperatures of 50C—600°K that it correlates well 
+

with lcw—temperatume data on Noss ’s thermal ccnductivity C7—3).

+ 

~~..f ’mr / )

a — — - -
~~ — ~s, —~

Pig. 7—2. The temperature dependence of the resistivit y of zirconium *

according to data of V. P. ~ruzhinin anc V. E. Peletskiy .

+ K ey :  ( 1). Q . cm ( °K) ‘.

Page 165.

In thi range of polymorphic ccnversicn , is cksexve d characteristic

jump . in the range of beta—phase (cubic lattice ) is observed further -

reduction in value p / T . Calculatioz~ of Lorentz number according to 

~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~~~~~~~~~~~~~~~~~ +
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these data gives for a temperature range 1 , 200—1 ,400° K of the

values, which are chanyed frca 2.4~~.10 tc 2.50.10~~ V2 /deg 2, i.e.,

virtua lly corresponding to theoretical value, be can , thus, indicate

that jn the high—temperature range , which directly adjoins the zone

cf po lymorph ic  con versi cn , the co nd uct ivit y of com pact z i rconium is

determined by electronic ccipcnent , which detects tendency toward

weak increase.

Ic F ig. 7—3 , given d a t a  of t h e  au thors  cn t h e  t h e r m a l

cond u ct i v i t y  of io d id e h a f n i u m  [ 14 —19] .  E x p e r i m e n t a l  mo de l is

sharpened frcia the bar Cf icdide h a f n i u m .. Its  a v e r a g e  dens i ty  at room
1

temperature is 13.06 g/cm 3. Material ccntains tc 1.5c/o of zirconi um ; *

spectral analysis will reveal/detect the traces of iron and coppe r )

(<C.OClo,’o), the weak t r a c e s  of s i l icon a n d  n i c k e l .
*1

The error of result is estimated in these measurement s by value

by 10—12o/o. Like zirconium , hafniu m will reveal/detec t the increase

ct the coefficient of thermal conductivit y with temperature. Its

absolite value changes frcm 23.2 W,’(m.deg) at 1,300° K to 28.8 W/

(m.deg3 at 2,000°K and it is very close to the value of the

ccefficient of the thermal conductivit y’ of iodide zirconism. It must *

he noted that given data characterize the ccnductivity of

sp~ ciien/ sample in the d i re c t i cu , p e r p e n d i c u l a r  to the d i rec t ion  of

cr~sttl growth in the production of billet. Specimen,sample consists I
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cf tho elongated of radial directicq coarse grains wit h weakened

ccamun ica t ion,’connectjc;s ketween them. It ~s p cssib le, cue of the

re asons for the observe d i n z ir c o n i u m  increas e of ther mal

ccz~duativity after remelting consists precisely of a cha nge in the

structure of specimen/sample. it is possible tc expect analogous

change, also, at hafnium , it can be even intensified by the fact that

in entire area of exploraticn it retains heiagcral lattice.

EE~~~~~~~~~~~~~~~~~~~~~~~~1 

-

+ Fig.  7—3. Thermal  c o n d u c ti v i t y  of i od ide  h a t n i u m  on the data of work

[ 4 — 1 9 J .

Key (1). Ohms .m .deg. 
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Dhe inves t iga ted h a f n i u m  t h e n  was sm e l t e d  by t h e  meth od of zone

e l e c t i o n — b e a m  m e l t i n g .  In t h e  c b t a in c d s p e c A m e n ,~saim ple were  car r ied

cut the measure ments of r e s i s t i v i t y.  At r oca  t e m p e r a t u r e  (2 0 °C ) t h e

impedance of the remelted sFecimen/sam~ le cecreases from 37.3 to 36.2

~~~~~ Results in high—temp erature tange aLE given tc Fig. 7—14 •

Character of change curve d the same as of zirccri um. Value p/R

.c~otonically falls from jump in tte region Cf p cl yncrph lc conversion

(2030t20°K). A change of the resistivity in region ~ —~ ~ j u n c t i o n  is

ap p r o ; im a t e l y  9 o/o .

~n abso lu te  va lue  cur d a t a  l i e~ rest ap ~ r c x i a a t e I y  t o  5—7 o/o

below result of work [7-4], made in the wir e specimen/samples of

hatn im m , of containing 11.9 a t .  c/a zi rcc~ i u m , and to 9—100/0 lower

than the data of work (?—5 ], measurements in  w h i c h  wer e made  on t h e

material , conta ining 5.? at. 0/0 zirco n ium. Ihe disagr eement of these

data with ours can be connected with di ffer ent content of zirconium

in specime n/sam ples. Utili zing data on electrical resistance , it is

possible to rate/estimate tie value cf Lorer tz rumber of hafnium. On

L. 
~~~~~~ -~-~~~~~~~ - - -~~ - - + +
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+ cur data, it is not lower than the values, ~ete rained curved +

mcn otçnically decreasin ç  f r c m  ~.8.1C~’ V’/deg
2 cr 1,300°K to 2.5.10*5

at 2000°K.

The eva lua t ion  of t h e s e  v a l u e s  as m a x i m u m  is conn ec te d wi th  the

+ f a c t  tha t  for  reasons ind ica te d ab ove  tb e  t h e r m a l  cond u c t i v it y  along 
-

-

the a;is of iodide bar (not subjected thenicuechaflical

treatment/working ) , p r o b a b l y ,  l i e/res t s  b e l c w  possib le values  for a
j

ccmpact po lycrys ta ll ine  m a t e r i a l  a f t e r  its r e m e l t i n g .

+ Metals of the fifth subgrcu p at periodic system.

Vanadium. The investigations cf the cc€ft icient of the therma l

conductivity of vanadium in the field cf high temperat ures will begin

tc be carried out mos t r e c e n t l y .

rig. ~~~~~ The temperat u re dependence of t~bi res istivit y of h a f n i u m

(V.~ ‘Ye. Vosk t esensk iy ,  !d . F . D r u x h i n i n , V. i. p e le tsk iy ,  D. L.

‘limrot).

—
~~ 

-~ —~~~—--— if
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In  handbook [ 7 — 2 ]  are q i v e~ the  r e s u l t s  a t c ta l  of two wor ks. One of

t hem is done by F ieldhouse  and L a n g ,  t h e  o th e r  — Hoch and  N i t t i .

The f i r s t  i n v e s t i g a t e d  m a t e r ia l  by p w r i t y  99.74c/ o (basic

i + m pu r j t y / a d a i x t u r e s, o/o: 0 .073 0; 0 . 0 4 E  F e ;  O.C’1 3 N; 0.042 C);

spec imen/ sample  densi t y is equa l  to  6 .C c  g,i c m 3. For measurements  was

used the  absolute  method of r a d i a l  heat  f l ux .  Ey Hoch and  N i t t i  as is

known (see Chapter 6 ) ,  is u t i l i z e d  t h e  m e t h o d , in s t i t u t ed on the

an a l y*i s  of t wo—dimens iona l  t e up er c t ur €  d i s t r i b u t i o n  in a l imi ted C
c y l i n d e r , heated b y  h i g h — f r e q u e n c y  c u r r e n t s.  T h e  calcu lat ion of t he  

-
~

coef f jc ient  of the r mal c o n d u c ti v i t y of them is compulsorily connected

with the enlistment of cata accord ing tc th e elissivit y of material

a d  in the general case washes to be accompa ni ed by the appearance of

an uncontrollable in ex [er+ilent systematic €rtcr .

We are inc l ined  acre  r e l i a b le  tc c c n si d e r  eata of Fi~~ldhouse.

The ccipariscq of the results cf t h a t  and c th e r  ~ f t he  wor ks is

carried out on Fig . 7—5. U n f o r t u n a t e l y ,  in t h e  da t a  cf Hoc h and

Nitti~ given in (7—2], there is no i n fo t m a t i c n  ab out t h e  p u r i t y of

ma te ria l .  Never theless  e v e n  if one t akes  in t o  accoun t  the  possible
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dif fer ence  in coipositicn , it is uct pess~ kle tc explain the

di f ference  in data , tha t  r e a c h e s  1CC—iCc/c, ctbervise as by

systematic measuring e rzc r .  t x a m i n a t io n F i g .  7—5 makes it possible to

d r a w  cnly a conclusion about  t h e  need for t h e  supplement ar y

measur ements  of tire c o e f f i c i e n t  of thetial ccndnctivit y of vanadium

fo r  the  zone of h igh  t e m p er a t u r e s .

Niob ium.  In spite of t he  wide  app l i c a ti c4  of th is  meta l  and

alloys on its basis, its phy sical ~Icperties and , in par ticular, the

coeff ic ier~t of therma l c on dr c t i v i t y in the r e g i c n  of hig h

tempe r atures, are studied f a r  not c c mp l et e l l .

Rata of Pieldhouse ,, Hedge  and  Lang ,  g iv e r  in hand book ( 7— 2 ), are

li mitod by temperature of 1,900 °K and , u -n t c r t un a t e l y  are not

descrjbed by the composi t io n of m a t e r i a l .

f i )
...m., 

~~~~~ -‘

P~ g. 1-5. Thermal coiduct ivi ty  cf v a n a d i u m .  1 — data of Fjeldhouse

and LIng ( 7—2]; 2 — da ta  cf Hoch at d  N i tt i  [ 7 — 2 3 .

Key :  (1) . U a tm deg ’.

_ _
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I. P. Filippo v and I .  I .  Makazenkc [7—21) ccmsuni cate on value

tbe c9efficient of the thermal conductivit y of niobium at temperat ure

of 1,660°K (0.691 W/cm.deg) , ob ta i i~€d d u r i n g  i tstalla ti oi wi th

induct ion heating. The investigated by them specimen/sample contains

99.~2o/o Nb, 0.3o/o Ta, 0.C8c/o Ti, C.O’lc/o Fe and 0.04 Si it has

density 8.54 g/cm 3 an d specif ic  imp e dance a t t h e  room tempera ture of

1~~ 4 AIQ.ca, (For reasons presented above we do not give data from the

earlier works of I... P. Fili ppov , calculate d on thermal conductivity.

They are thoroughly examined by it in its acrk (3—32]) .

New data on niobium in wide temperature interval are recently

obtained by B. E. Neyma rk and L. K. Vonc-qir (7—7]. Initial material

in their measurements was obtained by electron— beam melt ing in vacuum

and cipntains following impoUty/adaixtures , 0/or 0.3 Ta; 0.O1C ; 0.001

C; 0.001 N; 0.001 H. -

Nesistivity at room temperat uLe ociposes 15.2.10.-C Q.cm. -

Measurements cover temp€rat ire range fici 4CC to 2000°K. + 

-

+ 

~t should be noted t h a t  to 12C0 °K exp e r i m ait s  were carried out

b.y the method of Jager and Diasselhorst, bit at hi~ her tem pera tures —

by Bode’s method. Good iatirg of results taling into accoint the high

____________ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . , . _ - :~ ~~~~~~~~~~~
- -—— —-—— ~~~~ — - ~~~— — ~~~~~~~
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rel iabi l i ty  of the method of Jager and tiesselhcrst makes it possible

to consider s u f f i c i e n t ly  r e l i a b l e  an d  h igh — t e i ç e r a tu r e  data  this

w c ik .

Our measureme n ts [ 4 — 1 8 ]  of t h e  coeff i cient  of the the rm al

coiid ua t iv i ty  of n iob ium were made in the  r a n g e  cf tésper at ures of

1400—2300°K o~ the mat e r i a l , ob ta i ned by e l ec t r on—bean  smelting and

cc ntain i ng 99.. 5o/o Nb , 0.170/ 0 Ta , 0. 0250/c Ii , 0.060/0 Si and

C.03o/o Fe. Mate r ial  den s i ty  and  spec i f ic  r e s ist e~ ce p wit h roou

tempe rature (20°C) will ccmpcse reEpectivell 8.56 g/c.’ and 15.6

~~ .cm,

Othe r researchers’ cc .pa n i son  our these w i t h  re sults is carried

cut on Fig . 7—6. I ’aking i n t o  accoun t  an er rcr  of weasurement (about -

1C c/a at us , 7— l Oo/o — at L . F. Fi] i 1p ev , Sc/c — a~ cording to the

eval uations of Fieldhouse , 10— 150/c — at e. ~. t4 eyaark ) it is

possib le t o speak about good . agree ment of t ie  prese~ ted in f igu re

data . Made by us t h e  m e a s u r e m e n t s  cf the r e s i s t iv it y  of the same

saaplC (Fi g. 7.7) make it possinle to calcu la te  values of Lorentz

numbe r: it moqoton ically glcw/ri ses f r c.  2.t 0 . 1C~~ V~/deg’ at 1400°K

tc 2.72 .10-S vZ/cj eg Z at 230C°K. On B. E. Ne~ aark ’S dat a in the region

Ct temp e ratures  1200— 20 00 °K L it gr ow/rises  f r o m  2.~~6 to 2 61.10 S

V’,4deg ’. Fo r Filipp ov w i t h  1660°K L=2 .74 . 1C- -’ V’,deg’. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Tantalum. To the study of the propErties of tantalu . devoted

considerable number of vcrks . Only in tie regicn of high tempe ratures

it is possible to ca l l/ lane  seven inves t ig~ t i c n s , made the leading

th e r m ç p h ysical labo ra to r i e s,  t h e i r  e r u a e r a t A o n  is give n in 7ab le 7 —1 ,

a n d  t h e  obtained r e su l t s  a re  represented on F i g .  7— 8. As can be seen -c
ft c .  f i g u re , data only do not  d i v e r g e  in a i n c l u t e  va lue  (to 2000/o) ,

+ but sçmetines contradic t scie cthers according tc the type of

tempe rature dependence. Sc , by Allen [3—33 and by V. V. Lebedew was

cbtained the negative value of the teaperati~r€ coeffic ient of therma l

con ductivity, wh ile the m aJcnities cf xcrk~ gives an inc rease in the

thermal cond uctivity of tantalum with temperature. Our dat a (4—16]

(curve 6) occupy the central regio n of figure and rake it possible to

draw a conclusion abo u t t h e  wea k i n crease  ct  the the rmal con d uc tivit y

ct tantalum with temperature. A m a x i m u m  er c c r  in  the s ingle

measuremen t is here estimated at !12c/c; the scatter of the ma jority

of points around that s.cctbing curve does cct E xceed 5— 6o/o. The

cbtaine d results will agree well with the cata of Rasor aud

McClelland (7—2 ] and  the  r ecen t ly  publishe d dat a of B. F. Neynark and

+ L. K. Voronin ( 7 — 7 ) .

__________  
+ + 

~~~~: 
T~~~~~~~~T~~’~ ~~1-~
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,ig. )—6. Thermal conductivity of niobium. 1 — data  of F ie ldhouse,

Hedge and Lang (7—2]; 2 — our data; 3 — L. E .F i] ippo ’V a ’s data  ( 7 — 2 ] ;

4 — dita of B. ~ . Neynaik and I. K. Vorcnj~ (7—~~]. c

Keg: (1) . W .m ’.de y- ’.

(- I ’

i~~~I:
1

Fig. 7 .7 .  Temperature dependence of the specific electrical

resistance of niobium and tantalum accordint to our measurement .

( IL  

-~~~~ + ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- ~~~~~~~~ -
+ + - + ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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lable 7— 1. E numera t ion  of works on the th en i a l  conduct ivi t y of

t .jta.Iu..

~~~~~ 
~ 

r~:u ~ UtB~ISTYpI [ ~~~ M~roi IT M~~~~ 
xa (1~~a~~~~ (~~~~~~ e.Ma a

+ I A. (1. Worth lng 1914 IJI.:3-2l 1 IJUTh e TOKOM B f l RK yy -  I 700 — 2  lOll —

2 I. B. Flridhouse , 19541 111.7.21 2~)MCT0J1 pail ilaJlblIoro 800 .1 8211 ~+ o’k1 , 12 0 ,; 0.044 N,; 0.(NN~l II,. I
iC. Hedge. 1. E. Wa- nOtoka C BHCIIIIIIIM ,icioq- c.leaw A l .  Ca , Cu, f- .’. Mg;
termafl HMKOM Tefljia .,F. .‘ a + w ’

3 N. S. Ra or , I’)57 1.11.7-21 )1O IKe I 300 -2 6011 (1,01173 Zr; 0 .007 ) Cu;
.1. 0. McClelland 0 , 002 1 Fe; fl.PI)09 NI;  11,1) 118 C.

(1 .0007 Co; 0 . Itt).) Mn; (I ($1412
SI; 0,0(14117 Al

4 Robert 0. Allen. 1961) IJ1.3-3~l lint’. C TI)KOM B n a x y y -  2 300—32114) ~~~06pR k’U ~ I :  0 .01)5 Fe;
LouIs F . (jiasier . Me - Meio j Kpnuui ia i ~a ii <0,02 SI; 0.0114)8C; 0 ,114133 Mo , I
Jr . P~ui 1. Jordan An aAi ,a 11 .1)52 .‘lpvrllx wraa i~~ ui&u~~.

n6pa icu N’ 2: 0, (1112$ Fe; II, (1(135
Nb; 0. 0016 C ; 0 .0032 (1,;

- <0,01)1 N,; npo’unx —0 ,0 17 5 
‘ a5 B. C. ryMen,oii , 1962 1.11.3.311 HHTh C TOKOM II D~ KYY - I 200—2964) ~hITaura.i llpoMi.iuMcnuofl ‘lilero-

B. B. Jleeceftea, ne. thpaC~o.-’II Ie&~K;IA y’I.l- 114

B. F. Haa noe - .  C1~IK
6 B. 3. flej teuKnA, 1966 111,4.161 ~‘.flp0J1O.’IhuM $ 11010K B I ;l0O_— 2~14$l 99. 111 Ta; 0 .33 Nh; 0 ,01 Fe;

B. K) . BoCKpecencKw~ crcpncue C Hueuwuav lpl -to’l- <0,01 TI; <0.01 Si; 0.02 Mo; + 
-- I I I IKOM . , ~

).0I4 W; 
~~~ 

= M i  - 10 - ’
1’’ ’ OW-.w; y—16 57 .‘

7 5. ~~ . f- frAa.ap~, 19(’8 (J1.7-7 J Me~o’t ElOle 7(10—I 000 0, 3 Nh; 0.015 C; 0 .01)3 0,;
11. K. Bop0HHH 0.002 N,; 0,0111 II,; p~~ - =

=15.0 W K O M - C M

key: (1). No in sequ.mce. (8). Autbct~a IC). Year and literature.

(D). lethod. (E). Temperature interval , ~K. (F). Characteristic of

s~-eciuen/sample (ct~emical ccnpcsiticn , o/o; d e n s i t y ,  g/cm m ) .  (1a-~.

Filament with current in vacuum. (2a). rethod of radial flow with

external heat source. (2b) . traces. (2c).: c/c .2. (3a). The sane.

(14 a) .. F i l amen t  wi th  c u rr e n t  in v a c u u m .  M e t i c d  ci Krishna n and Dzhayn.

(leb) . sp ecimen/ samp le Nc 1: 0.0C5 Fe; (O.0 2 ~ i; C.0008 C; 0.0033 Ko;

_ _ _ _ _ _ _ _ _ _ _ _ _  - 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _
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a..052 other components; s~ e c i m e n / s a m ç l e  M o ~: 0.0028 Fe; 0.0035 Nb;

0.~001~ C; 0.0032 02; <0.C01 N2; other — O.C175. (5). V. S. G un e n y u k ,

V. V. Lebedev, V. !e. I~ anov .  (5a) . Iilaae~~t w i t h  current  in vacuum.

Parabçlic section. (Sb). Tantalum cf industrial purity . (8). V. E.

Eeletzkiy, V. Yn . V o s k r € s € q s k iy .  (6a) . L o n g i t u d i n a l  f low in rod with

ex terna l  scurce. (6b) . ~.cm ;  7= 16 .~~7 gj cm~~. ( 7) .  8. Te. Neynark, L.

X. Voicnin. ( l a ) . Bode ’s method. (.7k). c.c.; 7=16.57 g/c m’. (ib).

pQ .cm,

Page 171.

Fr cm this series drop cut t~e resu]t~ , obta ined by Worthiag (3—213

(cue ~f the f i rs t  slave in this  region)  and  by fieldhouse (7—2].

On the ba sis of k n c w n  i n fcc .a t ion , it is difficult to find the

reasonable explanation to tEe disagreement of the results of the 2
works cf ?ieldhouse and Rasor .  The u t i l i zed  by tb ea method s are

s uf f id iently reliable in order to ensure tb€ ccinc4.dence of results

to 10 15o/o. fle sources cf possible s y s t em a t i c  errors here more

easily yield to excep ticn ,e]imination , than , for example , in t he

methods of th. heated filament where they cai~ ncticeably dis tort

absolete values and the t e mp e r a t u r e  course cf rea l  cur ve d.-

Ic give on tl~e basis of t he  described p i c tu r e  any specific

~~~~~~~~~~~ ~~~~~~~~~~ —.— e~~~~ — fli -~~ -‘
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recc.mendatjons to us seems by premature . Ibis .ill become possible

cnl y after the systematic studies , ccver in g wi d e tem pe ra ture reg ion

and made by indepen den t me tho ds in the close in ccmpcs ition

specimen/samples of metal.

The measurements of tt€ resistivity (sce Fig. 7—7) make it

possible to calculate the values of Loret~tz number and to compare 
-

them mith the results cf ctker investigaticzz (fable 7—2).

All the given results were obtaine d duiing measurements ).. and p
+ in one and the same specime n/samples. This eliminates the error,

ccnnec ted with the joining cf heat— and electrical ccnduc1~ivity to

the specimen/samples of asscrted ccmpositjcr .

Is focused on itself attertiou of the very low value of Lorentz

num ber, obtained by V. ~~. Guae ryuk , by V. V. Letedev and V. Ye.

I ‘vanov.

(I)

_ _  _  -

rig. 7—8. Thermal conductivity of tantalum. The designat ions of

- +  —~~~~ ~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- 
~~~~~~~~~~~~~~~~~~~~ ~~

-
~~~~
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curves correspond to the reference numbers cf wcrks in lable 7—1.

~e~ : 11). W .m— ’.deg—’.

Page 172. 
-

it is not excluded that these results are exrcnecus cnes, since as

yet there are no bases to assume tbe possiki]ity of considerable

d ivergen ces f rom Videma n — Fr a n z ’s law for tantalum in zone T>9. Our

measurements, and also E. Ye. Neyaa rk’ +e last/latter data make it

possible to assert that i4 the reg icu  of bi cb t e mp e r a t u r e s  the - 

-

~

Icrentz number of tantalum is in effect equal to thecr’et iaal value. I

4

Netals of the sixth subgroup of periodic system.
-I

The greatest i n t e r e s t  for h i g h — t e m p e r a t u r e  techno logy among them

they mepresent mol ybd e n u m  and t u n g s t e n .  It is lo gica l that this wi l l

find ts reflection, alsc, in the develcpaert cf the investigation s

cf their properties. A r um b er cf wcrks cnly in the range of direct -
~~~

measurenents of the coefficient of theria A ccnductivit y w~ll exceed

ten bqth for that and for o the r materials, however , this w ill not

reveal/detect/expose in any way the final pictrre of its temperature

course for that and other cell/elements.

- + - + 
~~ 

—- - — —~~
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H
so lybdenum.  Dhe  e n u m € r a t i c n  of the basic wctks, dedicated to the

measuremen t of the c o e f f i c i e n t  cf t h e  t h o ri a l  c co d uc t iv i ty  of

molybdenum in high—tem perature ran ç€ , is given in Table 7.3. The

cr de r of t he i r  locat ion is e s t a bl i s h,’i n s ta l l ed  in t h e  c o n f o r m i t y  in

t h e  c~ urse of t ine of the ezecutict cf w o r k .  T h e  cor responding data

are gjven  to Figs. 7—9 and 7—10.  ( N u m b e r s  ci cu rve s  in f igu re s

cor re spcnd  to the r e f e r e n c e  n u m b e r s  cf w o r k s  i t  t ab le )  . 4

We wi l l  consider  as a d v i s ab le  to d i v i d e  Scvie t  and foreign data.

P a r t l y  this  is connected w i t h  t i e  t en d e n c y tc  s cm e w h a t  unload

figires . Howe ver, main reason will be the tEndency tc decrease during

comparison the effect of possible differences in technolog y of

obtaining and respectively in structure and  pur ity of the  ma te r i a l s

being investigated .

Table 7.2. Lorentz number of tantalum L-10
8 V2/deg

2 from

data of various studies.

(2~ T~~~eI~ Typ., ~~
JIN?e!~ TypS

b)

Na l4IarnIwe — — — — 2,42 2 ,40 2.44 2, 4S
1.11.4.1 61
1.11.3-311 — — — — 1 ,94 1,68 1 ,53 —

1)1.7.81 2.48 2.72 3,04 3.17 — —3 — —
1)1.7-71 2,56 2 . 51  2,48 2 ,47 2, 47 244 — —

Key : (1). Literature . (2). Temperature , °K.
( 3 ) .  Hour data.

- ~~~~~~.—.-——-
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Table 7-3. Enumeration cf wcrks on tI’e therial ccnduct iv it y of

mc lybdenum.

(0)  ~~~~ ~(ap.Kretw. c?,IIIa o6psiui (xii~~uqe~sc,I*
ro,. ~1.eçs,yps Me,oA (uurpsua~~cTh) 1~wa~ n-yp . coc~~~. ‘4; n~~nP)cm, .‘/e~ ’; yae~~i.oe

C~~~~~~~ ?BIJ I~~WI!~~ 17111 in. C, oa-C.)

It) ’I R. H. Osbor n 194 1 1.11.3-221 HMTb C TOIlOIl B Bakyy- I 200— 1 900 CJIeJLI.I MeTa LlIlqccKux npHMe-
we. MeT0A TensoBoro 04- ce1~j laHca na KoHeqHOM y71acT-

‘-.~~2 1. 8. Pleldhouse, 1956 j Jl.7.2J MeToJ~pajweJIbNoro Ten- 500— I 900 7~~ I0 .2 I  :/( 11’
J. C. Hedge , j~oaoro noToka
J. 1. L.n .  A H. Taidi (3)

3 ii. S. Psior. 1966— 1g60 To ~ e. 800—3 000 0.073— 0.063 SI; 3 - I0 -~ Cr;
J.D. M~~1eI1and 1)1.7-131 0.013 Cu; 0.25 Fe; 0, 021 TI; - -

- ( ~, O,007—O,008C;T=I0.22 tC N’ L2+ E~

4 P. J1. Pyamiiu. 1956 1)1.3-231 ~
‘Hmm c ~o~om a .uyy. I 500—2 00 —

Y. iba. fhpaep. iie. Me-ro* 6suacs
P. Lbw. JL*e,uuuic ~ai . lka. ±I0¼ -

S R. D. MIen, 1960 ~J1.3-33J ~“-)HHTII C TOKOM B miKyy- 2 400— 2 900 
- Mo.lIi6neH noJ1yq~’,l )lyroMo a

L. P. Ola~Ier , we. Meioj~ KprnaHana H n.,asKo~ a RHePTH0I% cpezle .
P. L. Jordan J1~icaAHa CocTaB : 0 . 18 Fe; 0 . 036 Mn;

0.073 SI; 0,04 C; 0,005 O~I-

6 K. II. Bode 196 1 (J 1.I. 16J MeiO+~ BapHawiN pa(5o- 1 100—I 200 99 , 98 Mo
qero ‘rOki

i B. C. ryweHioK , 1962 1)1.7-141 ~Z .) Hf t T b  C TOKOM B .ai yy- 200— 2 500 - I1poMuw.leH~ ufl Mo
B. E. MsaHoa, Me. flapaf.o~twieciui A ~ ac-
B. B. J1e~ejwe TOK

~

- - -

~

;

~ 
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Page 174.

cp;tiauati on table 7—3.
7~~~~ ,—~ ,-~~(LV~~ (c~ 11UT1pSs. Xa~~~yi~p,wii.~s O~~ISIUa (7.Muq~~,cni

As~opw rQ.1. AIflepST yp MeTO* (IIøFpemaOcTh) ?eWIIpSTyP. C OCTII , %; naoraocn, elca’; yal~7b-•J~ 101 . ~fl171~’Thl~1.11I7e H~II 20 C, OM -Ca)

8 M. Gutler , 1963 1.71.3.41 ~~Au44epeHuIIaJIbHbai Ba- I 100— I 700 ~~
‘
~
‘COCTaB iie npcieojiaTc~0. 1. Cheney ~~I4~~HT MeToM KOJlbpayUIa

9 .11. fl . O~~ ,n no~ 1.113.321 ~~~~~~~ C TOKOM a BaKyy- I 600—2 400 9’P , 8 Mo; 0. 1 Fe
we. 3KcnoMeHuHaJIb,u,Iil
y’rac-roic

10 .11. .71. THMpOT. 1966 1.11.7.151 ~‘lieTojz sAeKTpoHHoro 1 300—240() (lo.nuKpucra.1JI: 99 95 ~~~~~
.

B. 3. lle.neuiuffi , Harp eBa , ~~= ±10’!. y==i0 ,20 z/cM
B. 10. BOCKpeCeHCKHA 

- / , ‘
I I  .11. 11. laMpoT . 1966 1)1.1-151 To *e. 8A.~ I0-~-I2./. I 400—2 200 L MoIIokpIlCTaJuI : 99 ,95 Mo;

B. 3. Ilej iewuii , 0,005 C; 0 .001 07; 0,0000 1 IJ~; -B. 10. BOCKpeCCHCKHA 0.001 N1; ~~= I0 , 20 e/ cN ’; (l/c
IX I00J 26 ;  IX I 00J=24’;
IX~ I l l ~ .32

12 B. 3. tIeJIeuKnA, 1968 Mero~ mJIeKTpoHnoro I 200—2 200 TCXHH 71C CKHi¾ Mo: 99,9 Mo;(/Zh)
Si. 1’. Co4SO.nb aar peaa C KaJIopHMeTpoM , 0,01 I1OJI~ TO~ HWX OKHCJIOB

bX= ±8% -

13 B. 3. fleJleuKIlfl , 1968 ~ç-To ice 1 200—2 200 ‘~ MoHoKpffcTa~~I (I00(;  99 ,98
~~~~~ Co~5o,u. i—” Mo; 0,OIC; P2o.c ’ 5 - 40

~M.C ON. CM I / 3 h ) 
( )

14 B. 3. Tlej ieuiciaL 1968 - To ace 1 200—2 200 99 ,8 Mo; 0 , 15 MeTa~ij i wiec-
Si. r . Co6oJlb KHX npwwece*; 0 .01 (N 2+07 -j_

+tl i) ; y= 10 ,20 2;’cM ~~

Keg: IA) . Bo in sequence. (E) . Authors. IC). Tear, lit er at ure. (D).

?ethod (error). (E). Barge cf temper atnres , O~~. (F). Characteristic

of specimen/sample (cheiical ccnpositicn, c,n; density , g/ca3;

specific im pedance with 20°C, G.cn). (1*4 . kilaient with current in

vacuum. Method of heat balance on finite seg ment .  (ib). Traces of

metallic impurity/admixtures. (2a). Metho d cf radial heat flux. (2b).

g/cm 3í (3a). The same. (ii) . B. L. Rudk in , V. ~]. Parker , 8. 3.

Jetkins. (4a). Filament with current in vacuum. Method of the bala nce

~~ IIIII.iiiiilIImI r~s !~~-~ 
.
~~

- - - — ~~ ‘~~
— -.---- —- . 

~~~~~~~ 
— -

‘ ~~~~~~~~~~ 

- — ~~~~~~.I —
~~
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of he&t , 6X=~ 10o/o . (5a) .  F i l amen t  w i t h  c u r L e n t  in vacuum .  Method of

Krishnan and Dzhayn. (5b). ?Iolybderum is obtained by arc smelting in

iaort medium. Compqsiticn : C.18 Fe; G.C36 P11; 0.073 Si; 0. 04 C;  0.005

O~~. (6a) . Method of a v a r i a t i o n  in the operatinc cur rent. (7). V. S.

Gumenyuk, V. e. Ivanov , V. V. Lebe dev.. (7a) .  F i lament  witk  cur ren t  in

vacuu m . Parabolic secticn. ~7b). Industrial Mc. (8a) . D I f f e r e n t i a l

versign of Kohlrausch’s aetbod. (8t). Ccmpcsit icn is not given. (9).

I..- P. Philipp. (9a). Filament iitb cutr€n ,t in vacuum. Expo nential

sectiçii. (10) and (11). C. I. !imrct , V. B. Peletskiy, V_ Vu.

Voskresenskiy. ( i Qa)  . M E t h o d  of el ec tr cE i c tea t lug,  by 6X +lOo/o.

(lOb) 1 Polycrystal: 99.95 M o;  ) 1 0 , 20 g/cO. (h a) . The same ,

6X~ 1O—12c/o. ( l i b )  . Sing l e  c r y s t a l .  ( l i c ) . c/cl 3. (12) , (13) and

(14). V. E~. Peletskiy, Va . C. Sobol’.. (1~a). Method of elect ronic

heati ag with calorimete r, 6X=~ 8ojo. (12b) . ~I€chnical No: 99.9; 0.01

cue—and—cue— half oxides. (ha) . Sirgle crystal. (13b). pOeca. (14a).

metallic impurity/admixtures.

Page 175.

(It is possible to assume that Soviet me asmrements taken in

specimen/samples, very clc se in te c hn c l c g y cf ct ta in in g an d pur ity)

On the foreign data given tc Fig.. 7—9, it is difficu lt tc make any

judgeaents about the thermal ccnductivity Cf a c l y b d e n u m  w i t h

t emp e r a t u r e s  higher t h a n  1500°K .

L~ 



— ‘~“~ 
_~~~~~ ~~ ‘ 

- - - 
‘ 

-- ,.- - -  _~~~~~ ~~~~~~~~~~~~~~~~~ —-——- -~~--—----~~~~~ --~~ --~ ‘- -‘- —- —

DOC ~ 78133108 PAGE 1.~~-

$oviet data lie/rest more mound. tata , obtained in tke  ins t i tu te

cf high tempe ra tu res  (cvrves 10—14) in the massive specimen/samples

cf Sovie t mcl~bdenum , de l inea te  a ccmpa r a t ive ly nar r cw zcne -

[±(5—b)o/o ] the possible values ot the coefficient of thermal

conductivity. It must be noted that different curves are obtained in - -

dj.ffe~ent time during ii~stallaticns with different working sections

(rable 7—3).

)

)

- I

)

)~j
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P4g. 7—9. Foreign data ce the thermal ccnductivity of mo ly bdenum.

Met: 11). U.im-’.deg-’.

M~a-’- si.~~’

~~~~~~~~~~~~~~ ~~~~~~~~~~ 1~~~~~~~~~~ 

--- —-— -

Fig. 7—10 . Soviet data cn the thermal  coqd uc tiv i ty o f mo ly b d e n u m .

~e~ : (1). W .m-l .deg—’.

Page 176.

As the illustration of the value .cf t h e  n a a d c m  error for  curve

14 are presented the  e xp e r i m e n t a l  E c i n t s , c t t a in e d  in th ree  d i f f e r e n t

specimen/samples, cut out ft c .  cne and the same  bars of the mate r ia l

_ 
--
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being investigated . As is evident , the scatter cf points does not

exceed t (’4—5)o/o. By dotted curves are represented the results of

investigation of the singlE crystals of m cl~ bde n u m  ‘(curves 11 and

13). For their coincidence with data for pclyctystalline

sp ciaen/samples places in the dou l t the ccr c lusions  of Jun an d Hoch

[7— 16 ) about the e s sen t i a l  e f f e c t  of scattering on grain boundaries

of hi9h— temperature range. Cur data they clcse to adjoin the results, -

obtained by L. P. Filippov (curve 9).

Ccmple tely noticea bly  d i f f e r  f r cm the ser ies of our data results

[7— 14J (curve 7). As in tle case with tantalum , the cbtained by the

aa.athors this works of value correspond to tLe very low values of

Loren tz num ber: in average segment ci a curie tl:ey approxi mately to

20 1’o lower than theoretical value .

The ccapa r iso n of thcse obser ve d by t he ex p er imen ters of the

values of Lorentz numbe r is carried cut on Fig. 7—11.

4ur measuremen ts (nec essary  d a ta cr  p ac g u ire d we re on the sam e

specimen/samples an d shcwn cn ?ig. 7—12), I. P. ~ili.~ pov’s results as

direct measurement s of Lorentz number , made by Cutler and Cheney

[3—4), make it possible to sp ea k a bou t the rc ticea ble manif estation

of the pho non com ponen t of thermal  ccn d uctiv i t y of mol y bd e n u m  an d ar e
4 .

characterized by exceeding of the ieasured wal~ es of Lor en tz num ber

‘ “ ‘~ thc~~ret
’
~~’/ o~-’e~ -



- 
- - 

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

CcD C = 78133108 PAGE _ C
~~~~~~~

g

(,) gi.,~~~~-i 
______ 

( I )
1 -

~ 

- 

~~~~~~~~~~~~

~~~~~~~ TEE~~~ _ _

Pig. 7—11. Pig. 7—12..

Fig. 1—11. Lorentz- number -of mclyhde num . Tbe designations of curves

correspond to the refe rence nu aber~ of wor ks in lablc 7— 3.

Key: 11). V2sde(~~.

P~.g. 7—12. The resistivity cf iclybd enuix (cLr data). The designations

of curves correspond to the reference numbe rs ci works in Table 7—3.

I(e~ : (1). Q . c m ( O K ) — l .

Page 177.

The results of Osborne and V. V. Lebe dEv do not give grounds for

this conclusion. Figures 7—S — 7—11 make jt pcssible to make the

ass uaFtion that curves 1, 2, 5, 7 and 8 viii ccztain the disregarded

syate.atic error, that distorts the true character of temperature

- - - -~~~~~~~~~~ - - - -_____  ___— - -—- - 
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dependence of the thermal ccnductivit y ci rclytdenua . All remaining

data  delinea te t he ran g e of th e pcssi b le v a l ues , compa rable in width

with the values of maxiiua errors , capable cf cccurring upon the

correct setting of experiment.

the value of this rance with teip enatrse of 130 0° K covers

ap p r o x i m a t e l y  i n terva l  ± ( 8 — 1 0 ) cjo a r o u n d  t~~E average value equal to

tc 107—108 W/ (m .deg) and  !16—8)o/ c a r o u n d  9~ — 9 M  l/ ( ..deg) at 22 0O 0~ . )

Tungsten. The enume raticn of the kas4.c wcrks, which contain the

tesu lt s  of direct m e a s u z e l en t s  ci the ccefficiert of the thermal

coqduat ivi ty  of t u n g s t en  in h i g h — t e m p e r a t u r e  r ange , is given in  Table

~‘- le. The corresponding da ta  are r ep r esen~ ed on Pigs. 7—13 and 7—14.

Jnst as for molybdenum , wcrks exaaii~es in separat e figure .

Situation on the basis cf fcreign sources virtually the same as for

the açly bdenum: the scatter of data is so crest that does not make it

possible tc say anything that determined akcut the value of t h e r m a l

coqductivity. The results of S c v i e t  w c~~ks l i e/ r e s t  dense r and are

characterized by the identical sign of tem pe rat u re derivabive.
1)

lur data are neprasented by circular pcint s and to that

smoothing curved 7. w i t h  them will excellently agree the results,

cbtained of B. B. ~Jeymazk and by L K. Vorc~ in Icurve 11).

I
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Fig . 7—13 ?oz.iga data on th• thermal conduct ivit y of tungsten. The

designations of curves correspcnd to the reference numbers of works

in Table 7-4.

Key: 11). il.m—l deg.

_ _ _ _ _
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Page 378.

Tab le 7—4 . Enumera t ion  ci works  on t F €  t h e r u a l  conduc t iv it y of
tosysten.

-

~~~ ~~~~~~ 
- 

XIPSN T’PNCTNK. oS~~ ,ua (a.MiI.lPr, d~a/Il. A.iopw m a  a Aat~psThs Mp?oA (m~fp eIIIHorTk) ieaneparyp, ~~~~~~~ %: fl.lOTiv,~ m . i /ca ’; y *.. ,~________________ ___________ ______________________________ ~aspo1..ae.ue nja 2 0 C . ..u - c a )

I A. 0. Worthing 1914—- 1925 IIHTb C TOKOM H naKyV - I 500 2 500 llporn .ioea
1.11. 3-2 1 , 7.9J H’ . MCIOA Oa.iaut - a ~eii ia

ua KOl e’IHOM V’IiCtice oS-
pa ula

2 C. Zwlkker 1925 ~J 1.7-I0j To io’ 800 - 2 400 -3 Robe rt 11. OsI’orn 194 1 .11.3.221 To we I I0O—2 000 - 1 CneKTp ~i.~bHo ‘;ncTbI iL C.ie.mi
/ - Mera.1.-IwleeKII~ flpIIMeceii4 Robert D. AlIen, 1960 IJI.3-33J 11Mm C TOKOM N Naic~ y- 2 400—3 400 s~k~MaTcp.4ahl no~iy~ea MC1OJIOM

Louis F. Glasler . ~e. Mel-oA KpiiwlIaHa H nopowsco.oA w’la~LsyprHsi; MC-Paul L. Jordan JtwaAaa To-Ia nep.oro oôpaaua : 99 .95
(0.002 (.n; 0.04 Mo); IlToporO:
...99.9l (0 ,004 Fe; 0,005 TI;

(ia) 0.005 NI; 0.0116 0,; 0.04 Mo)5 P. TI. PVAKHH . 1960 1)1.3.23! Ham t TOeOM S aa~ yy- I 500-— 2 800 ~~CneIcTpa.mHo ‘it,ciwfl
Y. .11w. tlapaep. Me. .Mcoin (iajlSHCa Teu1.~a
P. 11w. Jlwernnuic Ha KoIIe’uloM leuneparvp-

MOM aMlepHale . 8X=
—±10%

C B. C. ryMeH,oK , 196 1 (JI.3-30J ~.Jt-hjTb C TOKOM H Ha KyV - 1 200—2500 Ilpoiu.ntiieiiui.i A ROJI4paMB. B. .TIe6eAe p - sie. I1apa5oitu~ecK~ A ~‘ia-
croic , ~A=~~6%7 .11. .11. TUMpOT, 1963 1.11.7-201 7..~MeToJ1 3.leKTpouHoro Ha- I 300 — 2 90 0  BO.II.IlpaM S.leKrpolHoiv .ienoAB. 3. fleJleuKHA 

- rpena . fl=’±I5~ ~ Il.~5nKu. IpICToTI 99 .9’’,

-p

‘I)

-p

)

__________________ ______  __ -j
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Continuation, Table 7— 4.

- 
k~~~~wrep.&u X~~~~~~p.criac. 6p~~~ua (INNU’I.CKU*

- 
n/li Aasvpw a w,paeyps MITOA ( arpaIuw,em) TNMIICPSTYP. COCTII, % a~n*lrm ?~cll ’. y*~~~llOi

coflpr TNLWIINN nIH C. ‘iM - ca)

8 M. - Cutler. 1963 1)1.3-41 jjK4slcepeawtajcbHblA us. 600— I 800 MoI*oKplIt-T a-lJni.ICCKHA ot~ps. (

0. 1. Olieney PHSHT Me ona Ko.lbpavwa 3eu; cotTaH He fl~ IiWLTI4TCH

(¼)
9 E. C. IlnaTyHoB , 196 4 (.T1.2.38J Ha-rb C TOKOM B Uk~Y- I 300—3 300 ll poscucuieHHwfl *io.,I4195N

6. 6. $enopoa Me. Pac~er BT0pOA npoIl3.
BO/&Ho* TeMnepsTypaoro
pacnpe,aeJleuua

(,ob)
10 10. H. CmNOHO.a. (965 fJI.7.12J HNTb C TOkOM B Ukyy- I 400—3 000 Bo.s4pav w~po.c RA-3fl ii 84

J1. fl. u.uennoe ~~~~ . 3SICflOIICNILIIIJIWSWI

~~ICTOK, 
~~‘.‘±9%

I ~~~

II 5. F. HeAwapic , 1968 ~J1.7.7~ Merojt fiojie 600—2 500 ‘1i,cTo’r a 99 , 951/,

11. K. Bopowrn

(~~..\ ( - z b\
12 6. 9. Fleieiuuii% . 196$ MCTOJ aJTeKTpOIlnoro I 300—2 300 O~iiotca W ; 2.3 Y,()1;

~i. r. Co6o.m aarpeaa C KaJtOpvMeTpoH, 0.04 Mo; 0.015 R50,; 11.007
Cat) ; 11 .01 S105;
y- -  7 . 9 ~ ( W 1; \  ~~~~~~ 6 .21
M K O W  N

Icy: (A). No in sequence. (B). Lutbora. (C). Year and literature.

(D). Method (error). (E). Interval of tempe zatires, °K. (F).

Character is t ic  of spec imen/ samp le  ( c h e m i c a l  c om p o s i t ion , 0/c;

density, g/ca 3; specif ic  i m p e d a n c e  w i t h  20~~(, ~.ca). (1°.). Filament

with current in vacuum. ilethod of the talance of heat on the finite

segment of specime n/sample. (ib). wire. (2a). The same. (3a).

Spectrally pure/clean. Traces ci ic tal li c imp u ri ty/ad m ixt nre s. (L$a) .

Pilamant with current in vacuum. Ilethod ot Krishrian and Jan. (4b) .

— . .  j
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Baterjal is obt ain e d by t he •e th o d  ci p cw dez me tal lurg y; th e purit y

Ct the first specimen/sample: 99_ 9c (0..C02 C.u; C.,04 No); the second:

—S~~,91 (0 .004 Fe; 0.005 ‘ii; 0.005 NI; 0.006 C2; 0.~~4 No). (5). R. L.

Budkin ,, U. J. Parker , B.. J. Jenkins .  (Sa) ... k i l a m e n t  with current  in

vacuum. Nethod of the balance of heat it finite temper ature interval,

6)~~±1.Oo/o. (5b). Spectrally pure /clean. (6). V. S. Gunen yak, V. V.

Lebedev. (6a). Filament with currert in vactu~ . Para bolic section,

6A ±69/o. (6b3 . Industrial tungsten. (7). E. L. lisrot, V. E.

Eeletskiy. (7a). Method of electronic I Ea.ting, by ÔA=±15o/o. (7b).

lungsten of electron—beam melting. Purity 99.9o,o. (Ba). Differential

versiçn of Kohlrai~sch’s method. (8b). Single—crystal specimen/sample ; 
-

cca~ositio n is not given. (9). B. 5. Platnncv , ~~. b. Fedorov . (9a) .

Filamen t with current in vacuum . Calculaticr the second derivative of

tei~erature distributict . (cb) . Industrial tungsten. (10). VU. N.

Si m o n ç v , L. ~~. Filippov . ~1Ca). Filament with current in vacuum.

Ixpon.ntial section, 6X~ t9oio. (lob) . Tungsten Cf brands VA— 3P and

Y4. (11). B. B. Neynark , 1. k. VorcOin. (h a). Bode’s method. (lib) . - 

-

Eurity 99.95o/o. (12) . ~ . B.  PeletsiIiy, Ya. G. Sobol ’. (12a). the

method of electronic heating with calorlimeter , 5k 6—Bo/o. (12b).

Basis, (12c). g/cm 3. (1.~d). ~~~~~~

[age 180.

Wi thin limits of error in the corr€spcnding measurements, it is

I

~~s
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possible to speak about the coincidence of cur cata with results

t2—3 8. 3—30]. Curved 10 , ot tained ci Vu. N. Simcnovoy and by L. P.

Fil.ip~ ov, give , it is piotable , the hi gh vaLues.

Yc this same conciLsict it is possible tc arrive, by examining a

change of Lorentz number cf tungst en (Fig. ~— l5 )p curve 10 in the

ra1~ge cf temperatures of 15CC— .~500°K it gives ti€ high est values of

Lcren tz number.

Ccmbuned analysis Pigs. 7—13 — 7—15 makes it possible to assume

that during the generalizaticj~ of experimental data cii tungsten for

basis could be undertak en Csborne ’~ wczks (curve 3), Cut l~ r an d

Cheney (curve 8) and the results of Soviet ~or ks, with exception

curved 10. This series delineates the band ci tie possible values of 
-

the coefficient of therial co~ dtctivit) 8—lCo~ c in wide around the

average va lue, which is chan ge d f r c m  1 CB W,’lm .deg) at 1300°K to 96

bJ (a.deg) at 2500°lc.

______________________________ -4—— , .- —.- —— -— - 
- —. __._._._M,____~
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ii)

Pig. 1—14. Domestic data oq tbe thermal c o ;d u c t i-v i t y  of tsngsten.  The

designations of curves cczrespcnd to the reference numbers of works 
)

in Table 7—4.
)

Key: 11). W .m-1.deg--’.

Eig. 7— 15. Lorentz number of tungsten . The designaticn s ot curves

correspond to the reference number s Cf works it ~~ble 7—4k

[age 181.

It is possible alsc to assume that with the high degree of the
)

prcbability of transfer of heat in tungsten is character ited by

i~oticdable participation by pbcn cn ccapcne ;t , i bich appears in the

excess of the measured values of Lcrentz number above the

) 

--- -
~~~~

- - -
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thecretica l. Most r e l i ab l e  works are determ.~ned it b y the values,

which lie at range (2.8—3.C).10~~ ~2/dEg2.

V. B. Peletsk.iy a n c  V a .  G. S ot c i ’  w i l l  c cn du c t  m e a s u r e m e n t s  of

heat— and electrical conductivity ct cermet t u n g s t en w i t h  the

addit~icns of oxide of yttri um (work 12 in rable 7—4) . In accordance

with technology of the production cf specimen/samples thiS tungsten

could he considered as twc—phase ~)stem , and taking into &ccount the

fact that the cond uctivity ci cxide phase si.Lstantially lower than

the conductivity of mat rix/die , it was possible in the first

approximation , to speak about material with conditiona l balk porosity

P. In this case, in the tirst examinaticn , it is possible to count

that the f unction, which corrects the value~ ci conductivity

depending cn P. will be identical both for teat transfer and for the

transfer of charge X=X 0f(P); ~=a 0f (P). Ir~ this case the presence of

porosity (second p hase) must nct ncticeabil distcrt the value of

Lorentz number of this system. Acttall y,  as shcbs Fig. 7—16 , value I.,

cbtained for the investigated system ( (~.9_~ .l )..10e), exc el lent ly

coincides with reliable data for the puke tungsten (see Fig. 7—15).

Let us note that the discu.~se d res~ lts ii~directl~ conf i rm r elia b ility

of the data of D. L. T i m r o t  a n d  V.  B. [€letskiy (7—20] (carve 7 on

Fig. 7— 15) . If on V. I. Cdelevskiy ’s fcrmaia [7—17] for statistical.

mixtutes is calculated a change in the condtctivit y 6)4=(~0—X) , then

in our case (fl,.~~8,5%) it will prove to •t€ equal to appr oximately 

— - — - - — ---—— _- —.--—-- - ---—-——-——.-. - r-~~~--—
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13c/o. Experiment gives change 6) frcm 1SG,’c with 1400°K to 100/0

wjth 2200°K — agreement entirely fair.

/ , )

_____ _____ 

I.øj~4

?jg. 1-16. Thermal conductivit y and Lorentz num be r of tungsten wit h

the additicns of oxide .

Key: 11). ~.a l.deg— ’.

[age 182.

By the named works it is possible to restrict surve y/coverage of

the e~ istirg these on therma l conduc tivity tase refractory metals in

high—temperature range . It tears sev eral ore— sided cha racter, since

it dOes not consider investi gations . ma de k~, unsteady methods.

lxi conclusion we give the instituted cc o*~r measu rements data on

the coefticier t of thermal conductivit y and the resistivit y of base

r e t ra o t ory  metals, with errcr not more than 4—8c/o on thermal

c oi d u c t i v i t y  and 2—30/0 Cfl  r e s i s t iv i t y  t h ey  cha rac t e r i ze  t he

IroFert ies  indica ted  f ot  t h e  m a te r i a l s  of t h e  h i gh e s t p u r i t y ,  r eached

~. their ind ustria l prod uctio~ at [tenant .. 

—- --— - — 
~~~:.~~

-
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Table 7—5. Coeffic ients of the thermal conductivity ci base

refra Ctory meta ls X .

Pi )  [ 
~.) 3 , am.a ’ ..paã~. 1’. K

Meiw
_ _ _ _  

1 400 1 600 !1 800 1 2 000 2200~~2 400~~~2400 2 800 3 000

Zr 27 .4 30.9 34 ,4 37,9 — — — — — —Hf 22 .5 24.0 25.6 27 ,2 28,8 — — — — —
Nb 60.2 62 .8 65, 4 68 ,0 70.6 13.2 15,8 — — —Ti 64 .4 66.8 67 ,2 88.6 99,0 6l .4 02 .8 64.2 66,6 87.0Mo I I I  106.5 103 100 97,4 94. 1 92 .2 — — —
1’ 11 2 h O  lOS 106 106.5 101.1 99 97 96 00.5

Key: (1).. Metal. (2). X , W ’ a — ’ . d e g -- ’, w i t h  1, O~ ç_

I

Table 7—6. The resistivity cf base tefractcry metals.

Ii) (i) p. ~~ OM.CM , n~~ F. K —
I 200 1 400 I 600 800 j 2 000 2 200 2 400 2800 2100 j 2 900

Zr 112 118 ,3 123 , 1 126,9 130 , 1 — — — — —
H1 151 ,0 160.5 167 .4 170 .3 173 .0 — — — —

- Nb 52,01 68.10 64 .00 69, 19 75,44 81 .14 86. 71 92 ,46 —
Ta — 60.4 67,1 13,6 80.0 86 4 92 .8 99,2 105 6 108.8Mo 29,5 36.49 41 .57 47 .77 64 ,08 60.90 67 11 — — —U 30,2 37.05 43.95 60 ,85 57 ,15 64 .65 — — — —

f lp~i T>2 000 IC a.aa Hf a~~ee~~:

T I C  2 040 2 080 . 2 100

p, ~~ °i.ea 185,8 159 ,5 166,5

Key: ~1). Metal. (2). p, ~Q.cm , w ith T , °K .  (3~~. *With  T >2 0 0 0 °K  fo r

we have. ( f 4 ) .  pQ .cti.

- ~~~~~~~~~~~~~ --—~~ - 
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