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J. W. Cooke 

The development and eva lu .a t ion  cf t h e  varial-,le -gap t e c h -  
rriyue f o r  measuring t h e  thermal  eonduct tvi- ty  of molten f luor i .de  
sal ts  i s  descr-ibed. A series of measurernents were made of the 
coriduc.t ivit i .es of seveyal- su-bstanees (Ar, We, H,O, Kg, and l-iquid 
and. so:Lid h e a t - t r a n s f e r  s a l t )  over a wide range of c o n d u c t i v i t i e s  
[o. 11 x 1 - 0 ~ ~  t o  I.OO x IO-" w cm-' ( O C ) - ~  ] and .terripera-t!ires (4-0 t o  
950°C) . 
averaged k s f .  
ing v e r s a t i l . i t y  of t h e  variabl..e-gap techriique . 

Tne d e v i a t i o n s  % ~ f  t h e  resul:ts from publ i shed  vatues 
The s t u d y  denionstrates t h e  accuracy and outstand- 

Key words : thermal  conduct Fvi-ty, devel opment , des i.gn, 
irieasurement, f u s e d  sal . ta ,  high temperature ,  MSBR. 

High-temperature opera t  ions i n  t h e  chemical. p rocess ing  and nuc lea r  

industries have c r e a t e d  a need fo r  economical, e f f i c i e n t  h e a t - t r a n s f e r  

media whose thermal  properties are supe r io r  t o  those  of organic: and 

gaseous coo1.ants . Molten-sa l t  mixtures  have good h e a t - t r a n s f e r  prop- 

erties compared wfth organic  l i q u i d s ,  and. their ~ e 1 3 t . f ~ ~ :  i n e r t n e s s  and 

low -vapor. p re s su re  g ive  them d j -s t inc t  ac?-vantages over  I iyui.rl meta ls .  

They are appli .ed i n  higl i - tern~~era ' ture  fl.ulues, heat-t-reatmer& baths, and 

e l e c t r o l y t i c  f u e l  cel.l.s, and as t h e  f u e l  c a r r i e r .  and coolarit  f o r  nuc lear  

r e a c t o r s ,  such as t h e  Mol_ten-Sal.t Breeder Reactor  (MSBR) experiments .  

This repor t  d e s c r i b e s  a n  experimental  -t;echni.que f o r  de tennin ing  a key 

th.erm.1 proper-ty o f  molten sal-ts - therm.1 conduct iv i , ty .  The s tudy  

emlu .a tcs  t h e  method over. a 'oroad t empera ture  range using a vaxi .e ty  of 
m8.terial.s r e p r e s e n t i n g  a w i d . e  range of c o n d u c t i v i t i e s .  

1 

Very f e y w  d a t a  on the t he rma l  cor iduct ivi t i .es  of molten salts ,  i n  

pa.rlricul.ar, fl.u.oride salts, k - v e  .been pub l i shed .  Most of the ex i s t i -ng  

measurements for mol-Len f l u o r i d e  sal. t mixtures  were rrnde 'uy members of 
the NSEI3 group air. Oak Ridge Nati.oml Labors-tory (ORNL) over  L5 years 



ago.2 

a n  a b s o l u t e ,  va r i ab le -gap  technique 'io de-kermine the therinal. conduc t iv i ty  

o f  f3.uoride sal:t mixtures  i n  1i.quid and so1i.d s t a t e s  a t  temperati.Jres t o  

1000°C. This technique  is p a r t i c u l a r l y  w e l l  s u i t e d  t o  the measurement of 

t h e  conduc t iv i ty  of low-conduc Ling, semi t ransparent  f l u i d s  t h a t  must be  

contai.ned i n  i n e r t  surroundi-ngs a t  e l eva ted  tempera tures .  Most o the r  

appl i -cable  methods s u f f e r  f i n o m  one or  more d e f i c i e n c i e s  i f  used under 

t h e s e  cond i t ions .  

To extend t h e  scope of the previ-ous measiurements, we have developed 

The vari3.bI.e -gap technique i s  exami.ned i n  detai.1. and o the r  techniques 

a r e  d i scussed  b r i e f l y .  The developmeil'i of a n  experimental  appara tus  i.s 

desc r i~bed ,  and experimental  r e s u l t s  a r e  presented  f o r  the  c o n d u c t i v i t i e s  

of s e v e r a l  cal.i.bra.king f l u i d s :  A r ,  He,  h e a t - t r a n s f e r  salt (HTS), H,O; and 

Hg. These f l u i d s  r e p r e s e n t  a very wide rarige of cond i i c t iv i t l e s  [0.4 X 1.gm3 

t o '  1-00 X 

range (40 'io 950°C). The thermal. c o n d u c t i v i t i e s  of i-nol.l;en f l u o r i d e  sal_-Ls 

will be  presented  i n  a s e p a r a t e  r e p o r t  t o  be pub]-ished. 

x- 

W em-' ("C)-' 1 which were measured over a brge tempers.tui.e 

Theriml. conduct ivi- ty  i s  one of t he  most d i f f  icu1.t of a1.1. t'riermo- 

physical- p roper t  i.es t o  determine experimental . ly.  The d i f f i c u l t i e s  

pyirriaril-.y a r e  due t o  the  unrel . j .abi l i~ty of tempeaaturc messurements t h e  

inadequacy of thermal  insul.a'cion, and t h e  s i-nnil.taneous t r a n s f e r  o f  heat  

by mechanism o t h e r  t han  conduct ion.  Conduct i v i . t y  can  be measured by 

e it her  s t e a d y  -s ta'ce, quas tea4y-s tat?,  o r  t Tans i e n t  -s ta t  e hea t  f l o w  

s y s t e m .  Experimental de'cermi.nat ions u s  i.ng 'the s t e a d y - s t a t e  me-'ihods 

depend upon t h e  a t t a inmen t  of s u i t a b l e  boundary cond i t ions  t h a t  w i l l  a1.l ow 

t h e  Laplace equa t ion  t o  be  so lved  POT t h e  temperature  dis- t r ibi1t i .m.  The 

conduc t iv i ty  3.s t hen  c a l c u l a t e d  from the  Fourier h e a t - t r a n s f e r  eqiia'cion. 

The trans i e n t  metkiod r equ i r e s  the solution of the d i f P u s  ion equa t ion  with 

s u i t a b l e  i i? i t ia l  and boundary condi tioris Yo-r t h a  thermal. dif1"us iv i ' ty  co- 

e f f i c i e n t ;  the density and hea t  capaci-ty must be known t o  c a l c u l a t e  t h e  

conduc t i - v i t y  . The quas i . - s teady-s ta te  methods a r e  based oil a solut i .on of 
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I n  a d d i t i o n  t o  conduct ion,  ratl:i.ation also rmy be ;oresel~i: w i th  trans- 

parent  substances, and the experirricntal techriiyuc: nr1u.s-j: be capable of 

identi.fyirig and. s e p a r a t i n g  these two mechanisms I n  t h e  case o f  f l -u ids ,  

T l i m ,  only a 1.imi'ted number of expe r i -  ion  may a l s o  i;e p r e s e n t .  

menta]. t~:ichn.iques a r e  avai.l.ab1.e for  -the de te rmina t ion  of the condu.ctivi.ty 

of :e]-uids ~ Several  techniques  Youlid i n  pLfbli.shed i n v e s t  i g a t  ions  a re  

I ibed briefl~y i n  the fol.l.owing sec t i i sn ,  an.d t he  teciiniqiue iused i n  the 

-oresent studi.er; i s  d.escri.'oed i.n a 1.a-t~r sec t ion . .  

Selec-ted Techrii.qiues for Fl:uids 

We wi.1.J. desc:rtibe brief1.y each technique and  d i scuss  i t a  advantages 

and d.i.sadvantages for. the  measurement of condixctivi-ty of rnoI:ten sal ts  e 

Transient bot w i  re 

I n  t h i s  technique, 'che rate of change of temperature  of a l i n e  fieat 

S O U ~ C ~  s i t u a t e d  tn an  i n f i n i t e  medium is used .to determine t h e  cond.uc- 

t i v i t y  of .tile medium. The l i n e  heat source conr,-i.sts of a wire  (I. t o  5 

r a i l s  IdFarn) pll.aced axi.al.1.y i n  a cyl . inder  (2  t o  1.1. cm diam) fiI..l.ed with the  
Sne', ~ ~ ~ i m e n .  r i  Ihe wire 1s heated  by a s t e a d y  cu r ren t ,  and i t s  teemnperai-u:ee 

i s  determined. by t he  change i n  i t s  e lec ty ica l .  r e s i s t i v i t y .  A f t e r  an 

5nj.t i a l  t r a n s i e n t  beating period, t h e  I.og ternpeya-ture 'oecomes a 
l i n e a r  I 'unction of t irne until natilxal convection begins to occu~. The 

SI-cpe of t h i s  li-near f imet ion  o f  temperature  :.ri.t'n t i m e  can be r e l a t e d  

di.rect1.y t o  the conduct i v F t y  of tile specimen. Thus, t h i s  teckinique i s  

a qua:; i - s t e a d y - s t a t e  techni-que r a t h e r  than a 'crsnsi.en'c technique .  It i s  

a com.on -technique f o r  determining conduc t iv i ty  of l i q u i d s  and has been 

descr ibed  i n  ~mny putilicationz; ."-!' 

I t s  s irnplic ity, quickness ,  precision, arid a x r x r a c j r  m k e  this tech-  

niq,ue usefv.2. for most l i q u i d s .  With molten sa l t s ,  hnwe-ver., a s i g n i f i c a n t  

amou.rit of current c a n  be shumted thrrxigh the salt: i t s e l f  due t o  the 

relnlri.v-ely h igh  e l ec t r - i . ca l  conduct ivity of t h e  mo1.ten sal.ts at cl.evated 

temperatures .. Since t h e  degree ixt' current shunt i n g  is very d i f'fi.cu1.t to 



predi-ct ,  molten sal 'i conduct i .vity resl.ll..ts obtained b j r  t!iis -techni.que aye 

s u b j e c t  t o  ques t ions  which have not been su.ffi.ciei?tly reso lved  t o  ii?akc 

it suitable f o r  this a p p i  icati-on. 6 

Trans ien t  hot f o i l  ..-. 

This  technique7 i s  sirnilar t o  the t r a n s i e n t  hot --wire technique 

except  i n  tho - respects :  (1)  a t h i n  f o i l -  is  substiiute: Tor t h e  Fine wire  

t o  provide a pl-ane heat source  i n s t e a d  of a l i n e  sOi.j.rce, a a d  (2) t h e  ten-.  

p e r a t u r e  i s  measured w i t h  R f r o n t  -wave-shearing 1 a s e r  i-nterferome 'it.?. 

Because t h i s  temperature  measvriiig technique  is extremcnl-y seas i'c i ve ,  t h e  

heat flux from t h e  f o i l  can be greatly- reduced.  However, t h e  f l u i d  speci- 

men must be  t ransparer i t  as wcl-1 as compati.ble wi th  t h e  mater ia l  used i n  

t h e  cell window. 

The transient hot-foil method is  more d i f f i c u l t  t o  a p p l y  than the 

t r a n s i e n t  hot-wiye technique .  I t s  primary a d v a n h g e  i s  i i l  t h e  r e d u c t i o n  

i n  the molten-sal  t i o n i z a t i o n  that resul- ts  fro111 a lower v o l t a g e  al.ong ;he 

hea t  source.  Consequen-tl y ,  t he  i n t e r r a c e  between tiie heated f o i  1 and ilie 

mo1:ten sal~t remains p o l a r i z e d  a n d  t h e  f low o f  curren-t  i n t o  t h e  sz l t  ?~s 

minimized. li1 p m c t i c e ,  however, o t h e r  v o l t a g e  p o t c t ~ b h l  s may e x i s t  

wi-thin t h e  c e l l ,  and sorne c u r r e n t  will. fl .ow i n t o  The salt even thougl: the 

surfaces 3re poi a r i z e d .  Moreover, opcrat  i o n  a,t e l e v a t e d  temperatures  

p r e s e n t s  fox-midable p i n ~ b l - ~ ~ ~  i n  t h e  des ign  and choi-ce of ma te r i a l s  f o r  t h e  

ce1.l wiildows. Diarnonil. i.s t h e  only t r a n s p a r e n t  m a t E r i a l  silitzl.;le f o r  use  

w i t h  iriolten f luori .de sal.ts at high  'iemperatures b u t  its high  c o s t  and 

fa7bricati.on dif.Ci.cu1. t i ~ e s  wou1.d res  L;-ic-t i - is  use  t o  very  smal.1. a p ~ ~ t i i r e s  

N c  c ke 5 - dowii s a.mple t e c ha-i que ....... 1 

'This methodg i s  based oi? t h e  measurement of -Lhc s t e a d y - s t a t e  change 

i n  r e s i - s t ance  c a i x e d  by e l e c t r i c a l  h e a t i n g  of a narrow b r i d g e  of t i e  

sample rnater la l  which joins two l a r g e r  bodies  of t h e  s a m e  inaterial. The 

t h e o r y  d e s c r i b i n g  t h i s  phenomenon shows tha t  t h e  change i n  r e s i s t a n c e  

expressed by the  voltage d ~ o p  caused. by t h e  h e a t i n g  c u r r e n t  does no t  

depend on the detailed shape of t h e  narrow regi~on. A necessary coridi'iion, 

i f  'iiiis is tu b e  t i u e ,  i s  t h a t  no s ni.fi.cant f l o ~  of 'rea i: occur ou'is ide 

of t h e  boundaries  of t h e  sample. For  l i q i i i d s ,  tiie nsrrow F r i d g e  i s  



mfin'ia,i.ned by con ta in ing  t h e  1iqu:i.d 7.n a vessel. separated i n t c  two pal-ts 

by a tliia v m l l  with a smal.:l- ape r tu re .  

bo th  a hi:Zh theriml and a, k i t & .  e l e c t r i c a l .  res ts tance.  The 1:echnique i.s 

< 2 1 _ ~ . . L ~  %.. <. < s i f  ie d 

The mteyial  of the ~wa1,:l. mus-t have 

as a qr1.as 3. - s t e8.d.y - s tat e met hod 

Several  i incer ta ip . t ies  a r e  BSSCX iated with the me-thcd, t - 1 ~  f i r s t  of 

whiclz is t h e  l o s s  of hea t  by conduct ion a!.ong the t h i n  sepamt i -ng  wa.1 I. 

A second major problem a r i s e s  f r o m  the p o s s i b i l - i t y  of' cmvec:ti.on. Mol-e- 

o v e r ,  with  molten salts t h e  possibi .J . i ty of' polar iza t i -on  e i ' fec t s  also 

.i\ioulci need to 'oe c m s  idered.  The important advantages o f  the  technique 

arc  the s i m p l i c i t y  of t h e  a p p a r a t u s ?  the rap id i - ty  with which t h ~ .  rneasuwe- 

ments can  be m d e ?  ond t he r e d u c t i o n  i n  t h e  imcertai-nties i n  r a d i a t i o n  

b y  t h e  stnal.1. s i z e  of the heated  r e g i o n .  

'Die I.arnj.nar f1.ow method determines the conduc t iv i ty  of a f l u i d  

flowing i n  a ei-r.cu.la:r tube ilnder carefu.l.ly def ined  condi.ti.i:ns . The ld l .1  

temperature  of  tlhe tube  i s  n m i n t a l i n e d  uniform w h i l e  the i n l e t  a n d  ou.tl.et 
-t,empe:ratu.res of the f1-ui.i~. are measured. In this method, raci ia t ior i  I.osses 

can  be neglec ted  and t h e  troubl-esome measurement of heat f J . i u  el.i.mlnatetl. 
r lrie ii mairi :i;'z'ohlems concerrn the  p r e d i c t i o n  of -,re1 oc i t j ,  arid t e r r i p e m t u e  

profi.l.es o f  the f1.ui.d a-t -the en t r ance  s e c t i o n  of t h e  t u b e  and mai.ntaining 

a. unri.fo-rm m1.1 .tempera-ture , Finrtlir~rmore, t.be assumption of eons- tar~t  

physical. propel- t ies  of the f l u i d  over the  tempera ture  range can i.ntro- 

duce  s i  g n t f i m n t  error. rm;t of the piibl ished resu-lts  of thi.s technique 

r i i f f e u ,  from the accepted  values f o r  therrnal. eond.uct ivi ty  hecause t h e  

hydrodynamic and thermal  e n t r y  l eng ths  we-re a o t  proper1.y a s s e s s e d .  10 

Pars1 ].el. wa.11 

W i t h  - th i s  methoti, t h e  steady heat fllow through -the specimen and the 

temperature  drop acrOSS it are measured .I1-' 'The specimen i s  conta ined  

between two parallel ~ ~ 1 . 1 s  o f  plane ,  cyli .ndri .cal  , or  s p h e r i c a l  geometry. 

' T h i s  method is the most common1.y used technique f o r  measuring therinnl 
conduct j.-v<.ty. I t s  si.m;ol.icity w i t h  regard t o  t h e  a n a l y t i c  model an,:? 

experimental  se tup  zriake it most a t t r a c t i - v e ;  however, t h e  u n c e r t a i n t i e s  

caused by convection, r a d i a t i o n ,  and :2-tray heat f low a t  high temperatures 
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can  be cons ide rab le .  Reducing t h e  hea i  flow u n c e r t a i n t i e s  b y  decreas ing  

"Lie specimen 'ihickness and temperature  drop can lend  'io l a r g e  e r r o r s  i n  

t h e s e  two measi.irements as w e l l  as i n  t h e  hea t  f1-o.w. Thus, a l though the  

method i s  s imple,  it r e q u i r e s  c a r e  i.n app1i.cati .m and ray be u n s u i t a b l e  

for low-thermal- condu.ctivi.ty f lui .ds  a t  h igh  tempera tures .  12 

-_ '?he Variable-Gap Technique _.I. 

1 1 ~  ihe variable-gal l  techni-que f o r  measuring conducti .vity is a si.gni Pi.- 

c a n t  improvement over  t h e  parallel. w a l l  method i n  t h a t  it t akes  advantage 

of the fl-uidi-i-y of t h e  specimen. By use  of t h i s  technique the speci.men 

'iliick.ness can  be v a r i e d  cont inuous ly  dur ing  t h e  ope ra t ion  wi th  a minimum 

disti-i-rbance 'ro .khe specimen composition o r  t o  the sys-tern iempers'cure d i s  - 
' i r ibu-t ion.  

of s e v e r a l  f a c t o r s ,  i nc lud ing  t h e  e r r o r s  caused by specimn iioids or  

inhomogeneities,  n a t u r a l  convect ion,  r a d i a t i v e  hea t  t r a n s f e r ,  corrosion, 

depos i-i: format ion, radial- heat  fl.ow, therrnocoupl e l ~ o c a t  ion ,  and thermo- 

coupl-e d r i f t ,  can be  greatly reduced.  S ince  only -the change i n  t h e  s p e c i -  

men th i ckness  and t h e  change i ~ n  t h e  tempei.ati-j.re EXIOSS t h e  specimen i s  

measured, t h e  poten t ia l .  er i -ors  of t h e s e  measurements a r e  smal I~zr and the 

in f luence  of convect ion,  r a d i a t i o n ,  and hea t  1.osses can  be d d e c t e d  and 

mri.nimized. I n ,  a d d i t i o n ,  t h e  appara-tils can. be used wi . th  l i t t l e  o r  no m o d i -  

f ica-Lion t o  measure the c o n d u c t i v i t i e s  of sol- ids  and gases  as well- as 

Liquids a Consi.dering t h e  advantages of t h e  method, it is  s u r p r i s i n g  tiiat 

on1.y 1.imil-ed use  has been i>EdF of t h e  vay?ahl.e-gap technique 

Al~so by va ry ing  the specimen thick.n@ss,  the undesirabl-e  effec L S  

'15 

General d e s c r i p t i o n  ..__. .-.y_II 

The experii-nental. appara tus  is  shown s c h e m t i c a l . l y  i n  F ig .  1 .  IIeat 

from t h e  rmin h e a t e r  t r a v e l s  downward through t h e  1 i q u i . d  samp1.e regi~on 

(label-ed "var iahIe  gap" i n  t h e  f i g u r e )  'io a hea t  sirik. Heat flow i n  t h e  

upward and r a d i a l  d i r e c t  Loris is  minimized by appropi.iate1.y loca t ed  guard 

h e s t e r s ,  an,:? t h e  hea t  f l u x  i n t o  t h e  sample i s  measured by the vo l t age  and 

c u r r e n t  of t h e  dc power to the main heater. The teniperature  drop a c r o s s  

the gap is  determined by ther imcouples  l o c a t e d  on t h e  axial. c e n t e r  line 

i n  t h e  metal. s u r f a c e s  def inj.ng t h e  sample r eg ion .  The sampl~e th ickness  

i s  v a r i e d  by moving t h e  assem'oI..y con ta in ing  the mai.n. h e a t e r  and is  mi?asured 
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T-l. $I.@;. 1. Schematic drawing of  a variable-gap thermal conduc t iv i ty  
cell. 

by a precis ?.on d i a l  ind.ica-tor. The system tempera ture  level.  i s  Rain- 
t a ined  by a sur rounding  zone-con'crol.letl fix:rnace. 

Idea 1 i ze (3 mod e 1 

The measured temperature d i f f e r e n c e  (.:an be resol.ved i.nto t h e  ternper- 

atu.ye d ~ o p  across 'the sample gap; the temperature drops i a  the metal. w a l l s  

de:Pini.ng the t e s t  r eg ion ;  'chc t empera ture  drops i n  any so1.Ld o r  gaseous 

f i lm adhering to t h e  metaJ a u f a c e s  ; an!l errors asscciateci w i t h  thermo- 

coixp1.e c a l i b r a t i o n ,  1-ea.d-isire inhornogenei-t ies i n  thermal. gratli ent Tegions , 
an,:] instrument mal-funct ions . 

&' = 

where s u b s c r i p t s  are sample, 

NegLec'ring t h e  error term, we cari wr i te  

For t h e  sample region, t h e  temperature  diffei-erice i s  

ms = (Q/N asps 7 (2) 

where Q/A i s  t h e  h e a t  s"l.i~x, nXS i s  t h e  gap wi .d th ,  and k 

c o n d u c t i v i t y  of the l i q u i d  sample. It I s  assumed. t h a t  n.o n a t u r a l  conwe-  

is t h e  thermal s 

t i 3 n  e x i s t s  i.n t h e  samp1.e region.  

Simil ayly, the tempcraturc  drop i n  t h e  con€intng hor izonta l  metal 

wall s can be written 
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where Ax i.s t h e  heat-f low p a t h  l e n g t h  i n  t h e  me-tal wa!.ls, and k. 7.5 t he  

w a l l  conctuctivi.ty. ( P ) ,  assuming 

t h a t  no radial heat  fl.ow and no bypass hea t  flow through the s i d e  (vertj.- 

cal-) walk of the sample cup. rn 
E q .  ( 3 )  can 5e w r i t t e n  s e p a r a t e l y  f o r  t h e  upper aiid lower- metal w a l l s ;  

however, f o r  t h e  purposes of t h i s  analysis, t h e  two reg ions  a r e  combj.neci. 

m m 
The hea t  flux Q/A i s  t h e  same as i n  R q .  

S ince  k is a funciion oi” teuiperature,  

The film temperature  d i f f e r e n c e  i s  of t h e  same form as t h e  M S s  glven 

in E q s .  (2) and. ( 3 ) .  If surface films a r e  present but of cons ian t  and 

kinown ’rlii-,kness, Axf ,  dur ing t h e  expe-!-imeiTt, there  I.s no e f f e c t  oil the 

der ived  sample c o n d u c t i v i t y  o r  011 the a s s o c i a t e d  e r r o r .  However, a fil~m 

that grows OT’ decays i n  a n  unknown way dur ing  t h c  course of t h e  measure- 

mext in t roduces  a n  e r r o r  i.n Ax . 
S 

Conil)ining t h e  above express ions ,  we obta in :  

o r  

or, s j m p l i f y i n g  t h e  n o t a t i o n ,  

whcrc [ U 1 / ( Q / A )  ] combiacs a l l  t i le f i x e d  r e s i s t a n c r c .  This i s  of  ti?, 
0 

Yo1*111, 

y = a x i t  , (6) 

wherr a i s  t h e  s l o p e  of t h i s  l i n e a r  cxprcssion and is ihr r e c i p r o c a l  o f  

t h e  s a m p l e  c o n d u c t i v i t y .  The i n t e r c e p t  b com’rTnes all o t h e r  resistances. 

I n  o p e r a t i n g  t h e  appara tus ,  &/A i s  k e p i  constail t  arrd /lT is  r c c o r d t d  as 

Ax i s  varied. T f  o t h e r  modes and paths  of hcai  c r a n s f e r  c x i s t  w i t h i n  t h e  

the specimen, t h e  thermal r e s i s t a n c e  w i l l  not  b e  a l i n e a r  func’cion o f  C h c  
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specimen t h i c k n e s s .  Iiowe-ver, t h e  e f f e c t  of' t h e s e  other f o r m  of nea t  

t r a n s f e r  w i l . 1  be reduced as the specirnen th i ckness  i s  der r t x i sed  Thius, 

(.he c:ondu.cti-vity can be  detcrminrd from the r e c i p r o c a l  sl-ope ?valuated at 

zero spec imei? t h i ckness  . 
I 

Another approach t o  t h e  de"i!i:rminat?:.or.i of t h e  sample !::on.du.ctivity can 

he obta ined  by r r a r r a n g i n g  E q .  (is) as:  

Agairj, if other  modr-.s and pa ths  of heat t yans fe r  exist wi't1ii.n the specimen, 

t he  mlue of conductivity- obtained from E q .  ('0 w i l l  be the I-ffecl:ivc 

va:.ue which wi ll approach t h e  true -value only as the 6peci-men th i ckness  

approaches zevc. 

E€fec;t of r a d i a t i o n  

Many i n v e s t i g a t o r s  cons ide r  only -the r a d i a - t i o n  emi t ted  by the wall 

siI.rf 'xes when eva lua t  fng t h e  h e a t  t r ans fe r .  t'ki.rou.gh a medium s e p a r a t i n g  the 

wa3.S.s. This  assumption rmy be c o r r e c t  when t h e  medi.um is ,a gas whose mean 

a'usor.ptlion c o e f f i c i e n t  K i s  s r a l l .  and whose mean refraction index n i s  

near  unity. Many media, however, absorb and em.it s i -gn i f i can t  amounts of 

r a d i a t i o n .  T h i s  i n t e r n a l  rsdicction can contriFJute more t o  t h e  bea t  t r a n s -  

fe:r from wal.1. - to w a l l  t h a n  t h e  r a d i a t i o n  em2i;ted by t h e  t ~ ~ l l  surfaces. 

Indeed, even at room t empera ture ,  t h e  h e a t  t r a n s f e r r e d  by r a d i a t i o n  can 

approach ?$ of t h a t  t r a n s f e r r e d  by conduct ion i n  some organic  fLui!i:; . G J I I O E ~  

specinmi th ic l iness  i s  as smal.1 as 0.1. em. 

I I 

If surne simpl.ifyi.ng assumptions a r e  m d e ,  am expres s ion  Tor -the 
m.di.ant hea t  transfer can be de r ived .  These assumptions are tile exis- tence 

of' a (::i3mtant tempera ture  gradient  wit1ii.n the medium and t h e  U.S.; of mean 

va lues  n and K i-ndependent of wavelength. 'The followi-ng ' equa t ion  was 

d.e.:F-ved by Po1.t z l6 9'' for t ~ z e  radiant lieat f lux :  

- i 
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where 
? 
i 1 1 - exp [-(T/v) 1 

v3 dv , - 
o 1 + ( I  - E )  exp [--(T/v) ] 

4 J” y : 1 - - ( 2 -  
‘1- 

and 
- 

T :: o p t i c a l  tlij.ckness of  t h e  med i .um K,%, 

n J. 

E = ernissj-vity of t h e  wall s u r f a c e ,  

0 1. Stefa.n-Boltzrrann c o n s t a n t ,  5.71 X 1o-l” W em-’ (OK)-’., 

v ::: dummy i n t e g r a t i o n  variabl-e. 

= avcragt? medium temperature ,  OK, 

In Fig. 2, where Y i s  p l o t t e d  as a f u n c t i o n  o f  r f o r  v a r i o u s  va lues  

of  E, t h e  curve f o r  c =- 0 r e p r e s e n t s  t h e  hypothe t ica l  case in which t h e  

r a l i a t i o n  hea t  t r a n s f e r  be tkeen  t h e  w a l l s  js accompl i s i i~d  s o l e l y  by t h e  

inner  r a d i a t i o n  w i t h i n  t h e  medium. The d i s  tdnce between Lhc c u r v r  f o r  

F. = 0 and one of  t h e  upper curvcs  ( t h e  a p p r o p r i a t e  plate e m i s s i v i t y  

ORNL-DWG 72- 10524 
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Fig. 2. Radiative f u n c t i o n  (Y) vs plate emi t tance  and o p t i c a l  t h i c k -  
ness of the  specimen. 



1.1. 

cui:7re) rep:r.esents t h e  c o n t r i b u t i o n  of' t h e  rad. ia t ion emi-tted by the  wall 

s u r f a c e s  t o  the to ta l .  radj-ated heat flow from wa3.1 to xal.1.. 

Equat ion (8) can  5e combined wj.1-h t h e  previoixs1.y deri-ved Ey. (5) 
to o'utain a.n express ion. f o r  the total. thermal. resistance acroi;:; ti medium 

se:parated by 'two paral.ie1. walls when t h e  heat i s  being t r a n s f e r r e d  sirml- 

taneousl~y by conduc-i;i.on and r a d i a t i o n .  T h a t  i s ,  

Irr t h e  3 im.iti.ng ease where the optical. thielmess T approaches zei-o ( i . e . ,  

very srnal I- infrared-abso~rbir ig  medi.urn), 

Wile r e 

Fi.girre 3 i s  a p ? u t  of  the thermal. r e s i s t a n c e  as a f u n c t i o n  of speci- 
men thickness for v a r i o u s  va lues  of the abso?:ptivity c o e f f i c i e n t  for a 

specimen assiuried to have a 
I 

= G .00:j4 w c:in-l ( T ) - ~  , n = I. e 5, 
E w3.1H. =I 0.5, 

anrl T ::: 1.0SO"C. 

the percentage of heat transferred by radi.ation %s quite h u g e .  As t b e  

absorption c o e f f i c i e n t  K decreases from 1c == 01; (pure coniiue-tion) to K =:- 0, 

the percentage  of  radiated hexi: i n c r e a s e s  to a rria)rj.mum at aboulr IC. = 2 arid 

decreases uritil. K = 0.  Within t h e  interval m :,' K > 0 these curves ha-ve 

Fnr these val.ues of conductivity and temperature, 

I - - 
I 

- - 
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I I 
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SPECIMEN THICKNESS ( c m )  

Fig. 3. Thermal r e s i s t a n c e  o f  an i n f r a r e d  absorbLng fluid havjng 
assumed p r o p e r t i e s  at var ious  values  of  a b s u r p t i v i i y ,  K (em-') vs sDecjmen 
t h i c k n e s s .  

a n  i n f l e c t i o n  poin'i producing what could be descr ibed  as " lazy  S" curves. 

Al.so shown i n  Fig. 3 is  the r e s i s t a n c e  c u r v e  for a gas whose a k ' s o r p t I v I t y  

i s  near  zero  a n d  whose index of r e f r a c t i o n  i s  near one. If t h e  o p t l c a l  

p r o p e r t i e s  of a s_neci.-men are known, Eq.  (9) can  be  f i t t e d  t o  t h e  e x p c r i -  

 menial^ da- ta  t o  o b t a i n  t h e  s l o p e  (and t h u s  the conduct i .vi ty)  a t  a specimen 

thj~ckness approaching zero; however, the mean o p t i c a l  p r o p e r t i e s  must be 

usea  and t h e  temperature  g r a d i e n t  w i t h i n  the specimen rnlist be  n e a r l y  

J-inear . 
E f f e c t  of natural convect ion  

Under i d e a l  conditi .ons,  no n a t u r a l  convect ion wou1.d b e  expected i n  a 

f l -u id  encl.osed between two hori .zontal~,  p a r a l l - e l  p l a t e s  wi th  one-dimensional 

dowilward hea t  flow. I n  t h e   real^ s i t u a t i o n ,  however, small depar tures  f rom 

tine i d e a l  condi t ions  can i n i t i a t e  and. s u s t a i n  convec t ion  cu r ren t s  w i t h i n  

-the f l u i d .  If t h e  p l a t e s  a r e  not horizontal-  o r  paral~lel~ or i.i.' a tempera- 

ture g r a d i e n t  c x i s  'is i n  t h e  h o r i z o i i t a l  tJi-t~ecti.on, convect I ion c e l l s  can 
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Figure shows :I p,orti.on of 'the data .taken from the above experi-  

m e n t a l  studj~es in which the cr i t ica l .  temperature tlf.ffeyenrre, AT (1:he 

tempersttu.re diffei-encc? above wi.i-ich r-onvect-ion occurs ) ,  is pn-ottett as a 
C 
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FiS. k. Critical te:npei,:%ture zbove which conveciion occurs  as R 

function of  specimen t h i c k n e s s  for t h r e e  liquids showing tiie depar ture  
fyom t h e o r e t i c a l  c r i t e r i a ,  PiRa = 1700. 

function of t h e  spe'zimen th ickness  f o r  t h r e e  1 - i q u i d s :  

water, and ethyl  a l c o h o l .  

t h e o r e t i c a l  values  oP IT. 
lia 

p l o t t e d  5.n F ig .  4 i s  s t a b l e  (i.e., conduct-ion only) and above t h e  curves 

i s  1.nista.b?e (i.e -, conveci:ion o c c u r s ) .  

seen t o  have two 1 i nen r  s l o p e s  (n = 0.14-5 and 2 .O) whicb. merge w i t i i  tiie 

t h e o r e t i c a l  curve (n = 3)  where 

eil lylcne gl-ycol,  

Also shown _nl-otted a r e  t h e  curves f o r  t h e  

= 1.709. 'L'he a r e a  below each of t h e  CurTJes 

 he experimenta.2 d a t a  can be  

n 
AT Ax = constant . c 



20  A si.mil.ar experimental .  s t u d y  by Eerkovsky and Ferdxari was made 

recent]-y i n  which the  speci-men W ~ G  heated. from above and kad a non- 
uniform upper p l a t e  temperature  d i . s t r ibu t  ion. This  study showed that 

when t h e  nonuni-formity of t he  temperaixre (T - T ) exceeded a c e r t a i n  

vai.ue wri th  :respect t o  the ILower p l a t e  teriiperature T no convee-t ion 

occiirred. I t  w a s  found tha t  if 

TnitX mi. n 

0) 

no s fgn i f i can t  convecti-on occiirs at a RayleLgh number. of Less than  l o 4 .  

N o  experimental. r e s u 3 . t ~  are r epor t ed  f o r  t h e  amount of convection 

calrril?_g pl-ace when t h e  specimen is  hea ted  from above and the p l a t e s  are i 

not exactI.y parall~e3- or  are sI.ight3.y t t l t e d .  If w e  consi.der this case  

ana.1.ogoii.s t o  t h e  Eerko-vsky and Pert;mn study, convect ion  wou1.d 'ne avol.ded 

at ar? M 

'the horizontal .  I.ayer d i t 3  not exceed t h a t  of' t h e  average AT across t h e  

plates. Since  AT a nX,  t he  d i f f e r e n c e  i n  t h e  edge-to-edge separation 

d i s t a n c e  between t h e  plates with  r e s p e c t  to each other, o r  w i t h  r e s p e c t  

t o  -the l.iorizorital , should not exceed t h e i r  average s e p a r a t i o n  d i s t a n c e .  

of less  than SO". if' -the N of' -the t i l t e d  3.ayer above ' that of lia 

To minimize conlrection dine t o  v i b r a t i o n s ,  the ( .onduct ion cell.  shoul-d 

be w e l l  i s o l a t e d  from a1 1 sources  of v i b r a t i o n s ,  particul srl y those with- 

i n  t h e  resonance frequency of the cell. 



E f f e c t  of hea t  shunt ing  -... . . . . .. .- ____ 

Some shuntj-ng o f  hea t  around 'Lhe spmimen i s  unavoid3.ble even f o r  

t h e  most careful. ly desi.gned therrnal conductj~vity c e l l  s. The p e r c e n t  of 

shunted hea t  as compared t o  hea i  fl-ow through the specimen can be  min- 

i m i z e d  by c a r e f u l  u s e  of i n s u l a t i n g  rmteri-a1 s ,  by guard heati.ng,, by iisi-ng 

larg? c e l l  diatneter. to th ickness  r a t i o s ,  and by u s i n g  zoned h e a i  sources  

and sinks. The shuntj-ng probl-ems becomcs mos-t acute f o r  1 ow-conductivity 

specirriers at e l e v a t e d  tempera tures .  

r lhe  ', appara tus  descr ibed  i n  -ihe pi-esrnt report is  desi-gned t o  mini- 

mize t h e  shun-Ling error w i t h  specimen; havinz  esti-mated thermal conduc- 

'cLvi i - iez  i n  t h e  range of 0.05 t o  0.13 W em-' ("C)-'. 

t h i c k n e s s  and t h e  Y a t i . 0  of c e l l  rii.ameter t o  sanpl-e thickness  a r e  

op'iirriizej, t o  reduce tile hea t  shirnted t o  l e s s  than 1% o f  tile t o t a l  hea t  

flow i n  the sli:;ence of heat  g ~ ~ r - r k .  Unfa?+unatelyi  the c o m i u c t i v i t i e s  

ol" t h e  s a l t s  of j-nteresl: t o  t h e  ME%R pros?-am were fount1 t o  be  a n  oi-der 

of ragni . tudc lowzr than  t h e  range .for which t h e  appara tus  w a s  designed.  

A s  a r e s u l t ,  the r a d i l l  p a r 6  h e a t i ~ n g  w a s  not  adequate  i z i  a f e w  cases  t o  

pyevent some hea t  shunt ing ,  and c o r r e c t i o n s  were r e q u i r e d .  

The c e l l  v a J l  

Fj~giire 1 shows t h e  compl_exi'iy of the  p o s s i b l e  h e a t - t r a n s f e r  mo:l.es 

and  paths w i . t h i i i  t h e  c o n d u c t i v i t y  ce l l . .  S ince  n e i t h e r  t he  temperature  

d i s  tribution a long  t h e  c e l l  wa.11. nor t h e  h e a t - t r a n s f e r  c o e f f i c i e n - t s  are 

we17 known, 'ihe s i m p l i f i e d  model showi i n  F ig .  j was sel .ected as a n  

a p p r o p r i a t e  model f o r  c a l c u l a t i n g  t h e  amoun-t Of hea t  s h u n t i n e  i n  t h e  

s ys t em. 

ORNL-  D W G  7 2 -  10527  

t 

F i g .  5. Model of t h e  c o n d u c t i v i t y  c e l l  f o r  h e a t  shunt ing  calcula- 
tion. 



17 

where T is the t e ~ i p e r a t l ~ e  ("C) and r and :.: a,r.e the i-adial. and axial .  

coord ina tes  (cm) measured. as shown in ~ i g .  5 a DiviCiing the model. in-t:o 

two regions, the hounds-ry conditj-ons for e i t h e r  yegiuri  can be written: 

t ransfer  coeff'ic:: i.ents respectively. 

'Die s o l u t i o n  of Eq. (1%) for the 

fli.ixes entering and 1eavj .q  reg ion  I, 

'16 



where 

and a are  t h e  r o o t s  o €  n 

a. J1 (a ) - N2Jo(an) .- 0 , n n 

alii 

11' 
There is  a similar equat ion  f o r  E 

The h e a t - t r a n s f e  t '  coeff ' i  c i  ents Ul and U2 vel-e ea1 cul a t e d  assuming 

s e r i  c's at?? paral-le: paths  o f  a l l  t h ree  h e a t - t r a n s f e r  modes (convect ion,  

c o n d x i i o n ,  and r a d i a t i o n ) .  

reg ion  I to the  heat ?lux leaving r e g i o n  IT was c a l c u l a t e d  as 

'The rstio F of  t h e  heat flux er i ier ing 

To u c o u n t  t o r  v a r i o u s  degrees of guard hcvi ing  a factor G was 

3ef ined as 
- 'I' h e a t e r  'wall ~ ...... G r  

J 

su.ch t h a t  

N2 ::: - . 
k' 

(20) 

(22) 

P l o t s  of t h e  percentage of heat  shunted around t h e  specimen, 1 - F, 
vs t h e  specI.rwn thLcki?eSS, bx, f o r  v a r i o u s  specimen c o n d u c t i v i t i e s  as 

determined by a computer s o l u t i o n  of E q .  (1~6) a r e  shown i n  Figs. 6 aind '9 
for temperature  l e v e l s  o f  390 an0 gOO"C, r e s p e c t i ~ v e l y .  Bath  o f  t hese  

pl-o'is assume partial guard heati.ng; G = 0.5 -was employed. Tbe dashed 

curves assume t h e  speci-t-nen t o  be t r a n s p a r e n t  t o  j ~ n f r a r e d  r a d i a t i o n  and 

t h e  w a l l  emiss:vit ies 'io be  0 .5 .  From t h e s e  plots, it can be seen t h a t  

the amount of hea t  shunted around -tile specimen can spproach loci$ for 

l-arge LAx and ve iy  sml 1 specimen canduc t iv i . t i e s .  In our conduc.i-ivity 
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I 
40-* 2 5 40-‘ 2 
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F i g .  6 .  Pe rcen t  of heat shunted around suecinien v s  specimen tini ck- 
ness f ~ r  various s p e r i m e r i  c o n d u c t i v i t i c s  w i t h  and without radiat i-ve h e a t  
transfer a t  300*c for C, = 0.5. 

ine:3.:3i.:rernent~, the  guard hea-Ling fac- tor  i2 vas near zero and a specj:men 

th i ckness  o f  <!).I. c m  was used i n  de te rmining  t h e  conduc‘l:iTJ-ity. 
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F i g m  7. Percent of hea i  shunted arouiid specimen vs specimen t’nick- 
ness f o r  var ious  sper j  men conduct ivi  t i e s  wi t h  and w i  tilout, r a d i  at i ve h e a t  
transfer a t  900°C f o r  G = 0.5 .  

as 3. f u n c t i o n  o f  specimen thi-ckness as it approaches z e r o  o r  (2) from 

the e f f c c t i v e  conduct i -vi ty  as t h e  specimeii th ickness  approaches zero. 

Exc.ep.1: for a few spot checks,  method (I.) was used io reduce the d a t a  

in this yepor t .  The thermal. r e s i s t a n c e  i -s calcul.ateii f r o m  the measured 

hea t  f l u x  &‘/A and from t h e  measured temperature d i f f e r e n c e ,  where 
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an.d 

I I hea-t:er c u r r e n t ,  amps  , 
v = h e a t e r  ? iol tage,  v ,  
D = diameter  of upper heater p l a t e ,  cm, 

E = r a t i o  of effe(2tL-v-e t o  t o t a l  h e a t e r  wire I .ength.  
% 

The hea t  flu Q,/A is  obtai-ned from t h e  measured heat  Z1.u~ by correc t i .ng  

for the hea t  shun t ing .  If t h e  ,guard. hea t tng  f a c t o r  G [ s e e  Eq. (2 l . ) ]  i s  

b. S-rc>ater .. t han  a F m t  0.91, a hea t  shunt ing  f a c t o r  F i s  i n t e r p o l a t e d  from 

t h e  p l -o t s  of I. - F vs AX (Figs. 6 and 7) obtained from computer s o l u t i o n s  

of Eq.  (16) .  From t h e s e  sol.utions,  t h e  percentage of shunted hea t ,  

1. - F, i s  found t i l  %e very  n e a r l y  p ropor t iona l  t o  G " ' " .  Thus, the heat  

shun t ing  f a c t o r  f o r  any degree of guard hea t ing  i s  cal.cul.ated us ing  t h e  

r e s u l t s  from only  one 'ilea-t shunting f a c t o r  a t  G = 0.5;: 

(1 - F), (1 = (G/ '3 .5) ' "*  - F)r;,l?.5 * (23) 

The hea t  flux i s  t h e n  c a l c u l a t e d  as Q/A = F (Q' /A) and t h e  t c t a l .  thermal- 

-re;; is tame i s  N'/ (Q/A) , where LXT j.s the prev ious ly  def ined  total. temper- 

a t u r e  d i f f e r e n c e  a c r o s s  t h e  specimen. 

'The t o t a l  thermal r e s i s t a n c e  i s  t'rien p l o t t e d  as a fi-Inction of the 

:,pecimcn thickncs:. f o r  a given  specimen tcmperature  . The Lpecimen temper- 

a tuye  ir dcd'ined as t h e  nverage of' the upper and lower p l a t e  tcmperature  

and i ioth t h e  sper imen temperature  and t h e  measured h e a t  f l u x  are  kept 

nea-1 y cons t an t  as t h e  specimen t h i c k n e s s  i s  va~icd (see L q e r i r r e n t a l  

P r x e d u r e s )  . 
Th.ree methods were used t o  determine t h e  slope of the r e s i s t a n c e  

cu.rve a t  & = rj, F i r s - t ,  v isual .  i.nspecti.on of t h e  curve gave goa l  r e s u l t s  

when t h e  data. were smooth and t h e  resFstance ~ i i r v e  w a s  l i n e a r .  Second, 

w k n  t h e  curve 'was not  l i n e a r ,  numerical f i n i t e - d i f f e r e n c e  techniques  

> e r e  used t o  o b t a i n  t h e  s lope  a t  Ax = 0. I n  t h e  t h i r d  method t h e  d a t a  

zwre f i t t e d  t o  Eq.  ( 9 )  [o r  Eq .  (1.0) i.f iz = O J  j.f adequate  informat ion  of 

the optical .  propertri.es o f  t h e  specirnen were known. 

- 

*l'I.it t o t a l  wire  l e n g t h  between vol tage  t a p s  inc ludes  two 0.875-Ln.- 
1 ong 1 ead wi yes. 
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Most of the d a t a  r e p o r t e d  i n  t h i s  s t u d y  were analyzed by v i s u a l  i n -  

s p e c t i o n  o r  the t h i r d  method meritionecl above. The data were f i t t e d  t o  

E q .  ( 9 )  i n  f h e  fo l lowing  w a y .  i'he f i x e d  r e s i s t d n c e ,  

7.s found by e x t r a p o l a t i n g  t h e  thermal- r e s i - s t ance  vc t o  & = 0; t h e  

p l a t e  e?ni.ssivit ies a r e  determined by c a r r y i n g  ov t  the experimental  pro-  

cedure with 'the c o n d u c t i v i t y  ce2.l evacuated;  and the index of  r e f r a c t i o n  

i s  t a k e n  from t h e  l i t e r a t i i r e ,  a n  average n over t h e  range o f  i n f r a r e d -  

wavelengths.  From a n  estima-Le of t h e  c o n d u c t i v i t y  by  vi.sim.1 i n s p e c t i o n  

of t h e  data f o r  Ax < 0.1, t h e  abso rp t i~v i . t y ,  K, can t h e n  be found from 

fl.t,ti .ng E q .  (9 )  Lo t h e  l a r g e r  va lues  of @x. Using t h e s e  va lues  of t h e  

f i x e d  r e s i s t a n c e ,  the p l a t e  e rn i s s iv i t  i e s  ~ t h e  average j.ndex of  r e f r a c t i o n ,  

and t h e  cal-cula.ted a b s o r p t  i v i . t y ,  t h e  thermal conduct iv i ty  is de te rn lned  

by the best f i t  o f  t h e  d a t a  over the compl.e'ce range of &.  

- 

- 

Thp des ign  and c o n s t r u c t i o n  of  the apparatiih and a u x i l i a r y  cquipment 

a r e  d iscussed  h e r e .  The d e s c r i p t i o n  o f  the thermal conduct iv i ty  c e l l  

i t s e l f  i s  s u f f i c i e n t 1  y compl e t e  t o  perinit l i i p l i c a t i o n ;  however, on1 y 

unusual aiixi 1 i a r y  equipnent i s  d iscussed  i n  d e t a i  1. Addit i  onal de ~ u i l  s 

ano jllustrations are  g iven  i n  Appendix A .  

The comple'ce system can be  coasid.ered t o  consis-i: of f o u r  p a r t s :  

t h e  t h e r r a ? ~  c o n d u c t i v i t y  c e l l ,  t h e  f u r m c e ,  the e l e c t r i ' z a l  system, and 

t h e  instrument  network. 'The connect ions and ?-el zt ionshi-ps 'ne iween tile 

v a r i o u s  components are shown schemati-cal l ~ y  in Fig. 8.  Photogranhs of 

t h e  appara tus  are ~ h o w n  i n  Figs. 3 and 10. 

Thel-mal Conduct iv i ty  C e l l  

Tne thermal c o n d u c t i v i t y  c e l l  Is shown i n  F i g .  11 and in d e t a i l  i.n 

Fi.gs. A - 1  and A - 2  i n  Appendix A .  The c e l l  j.s made up of two components: 

the c y l i n d r i c a l - s h a p e d  componen which consj .s ts  o f  a si.nk and i i ie radia:l 



23 

N
 
c
 

0
 

0
 

U
 

W
 
c
 

F 
a
 
s
 
0
 

z
 

.J 
0
 

0
 

U
 

3 z
 

K
 

0
 

- 
0
 

Y
 

w
 

0
0
 

0
0
 

E
lo

 
El 

0" 

r
 

3
 
0
 

W
 

2
=

 

I
 

1
 

I
 



24 

1111 I 

P
 

d
 
0
 

k
 

(H
 n
 



25 

I
 

N
 

-”. 

I 
c- 
c- 
f
 

f
 

f
 

0
 

€- 

a
 

8 



26 

ORNL-DWG 7 2 -  40532R 

VARIABLE GAP ADJUSTMENT 

VITON O-RING 
FUSED QUARTZ ROD 

FURNACE 

RADIAL HEATER 

L lOUlD L E V E L  

TOP HEATER 

RADIAL HEATERS 

MAIN HEATER 

x THERMOCOUPLES 

VARIABLE GAP 

SINK COOLER 

FURNACE LINING 
SINK HEATER 

Fig. 11. Schematic cross section of the conductivity cell. 



The mobi1.e piston component con-Lsi.ni.ng the mAin hea.te:r asser~ibLjr i s  

silo-wn in  detail^ i n  Fig. A,-2 i.n Append-ix A. The main heater i.s con- 

s t :me ted  w i t h  1 O - m . i l  Pt--lC$, Rh wire, wound, embedded, and burLed. i n  a 

hlgh-dens j.ty Al.,O, ii?_sul.ator. A d.upl.i.cate heatel., the rmin gixwd heater ,, 
si.ts above -the m i . n  heater. 
con ta in ing  'chi-ee p l a t  imm-fo i l  radiat-Lon sh-ields . The temperature x r o s s  

t h i s  gap i s  monitored by two themiocoii.pl.es and ba.l.anced with t h e  guaxd 
hea ter  to prevent axial. heat 1.0~5. A g01.d. fo l l .  provides h i g h  contact 

eoriductance between t he  rain heater and the bottom of t h e  pts- ton con- 

tainer. A l l  t h e  el.ectri.c:al wiri-ng, the pl.a-ti.nurn wire and t h e  thermo- 

coup:l.es exi-erid through a hol.l.oW rod  connec t ing  the pis tor i  wi-th th.e upper 

pl.ate and support .  

u.pIpe:r fl-ange a.l~l.0:~~ rnobi l.i .ty of the p i s t o n  whi.1-e I;rovid.ing a Tiacuum 

t i g h t  sea l .  The v e d i c a l .  movement of -the p i s t o n  is Etd,justed by n -threaded 

nut whose rnLcrothread.s are p r e c i s  ion mtch%ned . The v e ~ t i c a l .  movernent of 
the p i s t o n  i.s measured wi - th  a dial indicator connected to the 'ucttorn. of 

t h e  p i s t o n  wi.th a f u s e d  ymai--tz rod to minimize the ef fec t  of t h e r m 1  

expansi-on. Several dim.ensi~ons of the ~io'r~i:!e p i s t o n  corrtponent are a l s o  

Between the:;e t-wo heaters is a 1-/16-j.n. gap 

II flex-ible 'oel.?~ows wel.ded t o  the pi.ston rod arid the 
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F i g .  12. Posi . t ion  of thermocouples and heaters .  
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maintained j.n close tol.erances (See Fig.  A. -2 )  . 
t h e s e  tal-erances j-nsure that the  p a ~ a l . . l  elism of the 1x0 p1a.i-e su r faces  

does not vary by more than 0.005 i n .  This  t o l e r a n c e  w a s  meamred 7.n situ 
by pl-acing a ba1.l bearing i.n t h e  gap of the speci.men, r o t a t i n g  the 

apparatus i n  a n  Incl.j.ned p o s i t i o n ,  and measuri.ng the varia-i:ion in -the gap 

se l i t ing  w-i.th t h e  d . ia?  i.ndica'torr. A typical p l o t  of t h i s  v a r i a t i o n  around 

t h e  edge o f  t h e  ce1.l is  shown 5.n F i g .  1-3. 
t i o n  of 'the th i ckness  i n  t h i s  case of O.OOl.7 in .  demonstrates  e x c e l l e n t  

conformity t o  the 0.005-in.  toleramce.  

'The s p e c i f i c a t i o n s  of 

'The mxi.rnum edge-to-ed.ge varia- 

The test ce1.l described here and i n  considerabl-y more detail i n  
Appendix A i s  the final. design (Model.. 111-B) of t h e  cond.u.ctivity cell.. 

Several modi f i ca t ions  were made i.n the course of t h e  developnient of t h i s  

a;p;oaratus . 'Tke nota-t ton, d e s c r i p t i o n ,  arid chronol.ogical a.ppearance of 

'the:;? mod i f i ca t ions  are  I.isheci i n  Table 1. 

The J.ocaL.tions of the  thermocouples used i n  t h e  conduc t iv i ty  cell- are 

I n i t k l l y ,  t h e  therrnocouples were l / l G - i n .  -OD sheathed shown in F i g .  12.  

ChrorneI.-Alumel thermocoupl..es ; 1.ater Pt vs Pt-lC$ 311 t:?ermoc.oupl.e:; were 

used. T%lermocoupl.es 1, 2, 5, and 6 are arc weltjed to t he  bottom of t h e i r  

r e spec t ive  thermal- well:; t o  insure tliat they  remain fixed duri-ng t h e  

measurements . 

of 

0 4 5  90 135 (80  225 270 315 360 
ANGLE, ROTATED CLOCKWISE (deg)  

Fig. 13. Var ia t ion  in the gap thickness around the circumference 
the conductivity c e l l .  
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'Table 1. C e l l  modi f ica t ions  

a Model Heater assemb1.y Cy1 i n? er Tlierrnoc ouples  

1 -A Thick one-piece 
h e a t e r  c o r e ;  
D = 8.572 em, 
E = 0.969 

- 
.I. I -A Thinner two-piece 

h m t e r .  core  w i t h  
1/32-in.  air gap 
between main and. 
guard h e a t e r s ;  
E = 0.971 

11-B If 

111-B new h e a t e r  w i t h  
1./16-in. a i r  gap 
w i t h  t h r e e  P t  
f o i l  baff les  ; 
E = 0.966 

Orig ina l  cy1 i n d e r  1/16-in.  -OD SS-sheathed, 
Chrome1 -Alumel grounded 
j u n c t  lons,  MgO i.n- 
s u l a t  i on 

Origir ia l  cy17 a d e r  1/16-in.  -OD SS-sheathed, 
Ft  vs J?t-lO$ Rh un- 
gmunded j u m t  ions ~ MgO 
j nsula t i o n  

Wall of tlic o r i s i n a l  I I  

c y l i n d e r  w a s  under- 
c u t  and grooved 'LO 

reduce heat  f l o b r  

doT,/n t h e  r~a l l ;  TC 9 
added 

I I  

_.....-____. .--- 
a 

D = diame'ii.i. of h e a t e r  assembly am3 E r a t i o  o f  e f f e c t i v e - t o - t o t a l .  
hea-ier wire l e n g t h ,  where t h e  t o t a l  w i r e  l e n g t h  betwecn the 'voltage t a p s  
inc lvdes  'two 0.8'75-inn-long lead w i r e s .  

The furnace  consists of two 6-i11.-1~ x 8 - i n . - l o n g  indivi.dual Sy coil- 

t r o l l e d  cl-arnshell h e a t e r s  of t h e  embedded wi.-re t ype .  'I'kie annul-ar space 

between t h e  h e a t e r  and t h e  l2.5-in.-OU wa-Ler-cooled f'uimace s h e l l  m s  

filled w i t h  Fi-berfrax i n s u l a t i o n .  'Thi.s furnace  i s  capabl e of r a i s i n g  t h e  

ambient temperature of t h e  molten s31t t o  1000°C. 

._I.. E l e c t r i c a l  System 

'The h e a t e r  e l c c i r i c a l  system is diaysnlriied i n  Fig. I:+. 'l'he a c  supply  

v o l t a g e s  i o  the s ink ,  guard,  aud furnace h e a t e r s  are requ',aicc? T + i L i i  3 



CRNL-OWG 72-10534 

FLbKk AC 
DIGITAL VOLTMETER 

ROTARY 

VARlAC AIJTOMATIC 2 0 - A  VAHlAC 

~~~~~ 

GUARD HIIKl 
NO 4 

TYPICAL FUR: . 5UARD HEATERS 1 , E  AND 3. 
FURNACE. H E A I F G  1 A N l j  E ,  
AN!) SINK H E A J E e  

VARIAC AUTOMATIC 
VOLTAGE RFGIJLATOR 

Fig .  1.4. Diagram f o r  e l e c t r i c a l  tieater system. 

Variac aij.tomatiic vo l tage  regul.ator. The vol.tage through each of the  

h e a t e r s  is  ad jus- te r l  by two Variacs, coarse and f i n e ,  and by a Tilarrient 

transformer. The f i n e  adjustment  extends the coarse V a r i m  s e t t i n g  

with the addition of 6 V of incrensed s e n s i t i v i t y  (0.038 V ) .  

ac d ig i t a l .  vo l tmeter  

A Fluke 

is used  f o r  s e t t i n g  and reading the vol.tages. 

~ e p c o  .voltage supp l i e s  provide t h e  el..ec-trical power to the 

main and tap guard heaters .  The supp1.y vol.tage t o  the two Kepco i in i t s  

i s  al-so regul-ated. by t h e  Varj-ac automatic  vo l tage  re,qlator. The powei- 



32 

t o  t h e  xmin h e a t e r  i s  de-termined froiii measurements of t h e  voltage and 

t h e  c u r r e n t  with a Vidar d i g i t a l  microvol tmeter  and a Leeds and Northi-up 

preci.sioii r e s i s t o r .  

Table A - l  i.n Appendix A .  

S p e c i f i c a t i o n s  of t h e s e  ins t ruments  a r e  g iven  in 

311s ‘irumentst ion 

The thermocouple circuit diagram i s  shown in Fig. 15. The tem- 

pera tu re  measurements a r c  inade w i t h  grounded 1 /16 - i n .  -OD Chromel-Alum1 

O R N L -  DING 72- 10535 

I C E  BATH: 
CO I- D J U N CT I 0 N 
A N D  ZONE BOX 

0.oiu P t  W I R E  

0 . 0 2 0 P t  W I R E  

PUHE c u  W I R E  

- _ _  - 
_ _ -  0.010 P t  - P t  10% R h  W I R E  

.... - _ _ _  
- . - - - - . - - - -. 0.020 P t  - P t  f0 O/o Rh W I R E  
___- 

F i g .  1 5 .  Thermocouple c j - rcu i t  diagra,m. 



tl ti& >;., ~ i ~ o ~ o u p l . e s  o r  w i th  ungrounded E/ l6- in .  -OD Ft 'v's Pt-lcS$ Rh thermo- 

couples ;  both are  s k a t h e d  i n  304 type s t a i n l e s : ;  s t e e l .  

each thermccouple a r e  ,joined by arc weld-ing t o  h igh -pur i ty  copper c i r -  

c u i t r y  wire. 'To rniriimize and  cance l  extraneous thernal- emf's ~ each of 

t h e s e  junc t ions  is conta ined  i n  a m i n e r a l - o i I . - f i ~ l e d  g3 ass tu'be i n s e r t e d  

i n  a h o l e  d r i l l ed  i .nto a h igh -pur i ty  copper bl.oek, 3 X 2 In. d iameter ,  

and the whose assemi,ly i s  i.mier.sed i n  a d i s t i l l e d  water i ce  . b a t h .  Low 

tEierr1a.l errif hnlder is  used i n  o ther  c i r c u i t r y  ,junctioris . 

Lead wires  from 

F ~ c h  thermocouple ernf can lie .r,ead by e i t h e r  a Vidar d i g i t s 1  micro- 

voi t rae te r ,  a Honzywel I~ lien r eco rde r ,  or 8. Leeds and Nor thmp X-; pGte l1T j . -  

nmete:r f'acil.i.ty. The s-pecific-at ions of these ins t ruments  are g iven  in 

L s b l e  A-I . ,  Appendix A .  I 1  - 

Pr e 1. i r n i  na r y Pr  o c e rlu re s 

The eonduct ivi t ,y  cell. s u r f a c e s  are cl.eanec1 wi~th de"cer'geat, r i n s e d  

wi th  deni ineral ized r m t e ~ ' ,  :ind d y i e d  with fil.tereci ai.r* Afte:r* use ,  the 

cor:ros ion produc-ts a:re rerriovecl b y  p o l i s h i n g  with r o t a r y  stairiless steel. 

b:ri.ishes, GOO-gri t  cloth, and crocus clot11 t o  re:r; tore t h e  su r faces  ~n 
asseni'cling t h e  appa ra tus ,  t h e  paral l .e l ism o f  t h e  p lh te s  i.s checked for 

the specj-f'ied 'iol.erance (0.005 I.n. ), and t h e  t l x m o c o u p l e  r ead ings  a t  
ture tmtch w i t h i n  <O .2b~,V. The p u r i t y  of t h e  spec ?.mens 

used i n  .the dktermina t ions  meet t he  ACS s p e c i f i c a t i o n s  f o r  reagent-grade 

chemi.cal.s : 99. yp$ pure argon,  99.995% pure hel.ium., dou.bJ.y de ionized  and 

-tri.pl.e c l i s K . l e d  water, t r i p l e  disti.l.l.ed mercu:ry, and reagerit-grade KNO,, 

TJaNO,, and NaMO, s a l t s  d.?ried i.n vaCuum. 

The s;pecimen is  introduced irrto the cell., t h e  appa ra tus  1 . eve l~d  and 

l~eak t e s t e d  wi th  a heI-.i~iin leak. deteeto:!.. 

heniiing overn ight  a t  about l g G * C .  
alternately i n c r e a s i n g  snd decreasing t h e  specimen thickiiehs after. it Lias 

been melted iundei- vaciiiiin. For l i q u i d  and solic? ssmpl.es ~ a n  argon cover 

gas i s  introduced i n t o  t h e  cell at slightly above atmosphe-1,ic p r e s s u r e .  

Tlie sy:;tem is then outgassed by 

Voids i n  t h e  specimen are rernoved by 



Operat ing Procedure - F l u i d  Specimen .___.._ 

'The f'urnace hea t  i s  appl-ied t o  t h e  system t o  r e a c h  t h e  d e s i r e d  tem- 

p e r a t u r e  level. .  The main h e a t e r  i.s a d j u s t e d  t o  o b t a i n  t h e  requi.-c*ed heat 

f l u x  through t h e  specimen (0.02 t o  0.'7 W 

a d j u s t e d  t o  main ta in  a cl ose temperature  "ual~ance between thermcouples 

t h r e e  and f i v e  (< tO.5"C) and thermocouples th:ree and f o u r  (< k1"C)  t o  

minimize hea t  losses (see F ig .  12). After  s t e a d y - s t a t e  condit-ioris are  

reached, the measurements a r e  recorded;  t h e  c r i t e r i o n  for 'ihe s Lead.y- 

s ta te  c o n d i t i o n  is a temperature  d r i . f t  of 1-ess than  l"C/hr. 

a r e  rmde of al.1 thermocouple r e a d i n g s ,  a i r  f low rate i n  the cool-ing s i n k ,  

d i a l  i n d i c a t o r  reading,  and v o l t a g e s  and c u r r e n t s  from power panel-meters 

and d i g i t a l  vo l tmeters  a t  each gap dis'iaiice. 

s t e a d y - s t a t e  condi t ions  a r e  r e e s t a b l i s h e d ,  and t h e  record ings  r e p e a t e d .  

A number of gap spaci~ngs a.m used (0 t o  0.4 em) depending on t h e  1 i . nea r i ty  

of t h e  d a t a ,  The hea t  f l u x  and. average specimen temperature  a r e  kept  con- 

s t a n t  for eat:? gap spac ing  (> k0.005 w ern-", > 21"~). 

and t h e  guard heaters are 

?t 

Recordings 

The gap i s  t h e n  changed, 

The above procedure is  r e p e a t e d  f o r  each specimen temperati ire l e v e l .  

Operat ing Procedure - S o l i d  Specimen -._ .... ._. 

If t h e  measurernents are made w i t h  t h e  specimen i n  t h e  s o l i d  state, 

t h e  specimen is  melted b e f o r e  each gap spac ing  is  s e l e c i e d ,  ant3 t h e n  the  

gap spac ing  i s  f i x e d  by cool i n g  the specimen ti, t h t  d e s i r e d  Lemperaturc. 

5. EXPLKIMENTAL HESTILT'S 

The experimental r e s u l t s  from t h i s  s tudy  demons Lrate t h e  s i icces~1i1  

devel opment of t h e  var iab le-gap  technique for t h e  mcasurements of m o l  i en-  

s a l t  thermzl c o n d u c t i v i t i e s .  Concurrent ly  wj th  t h e  development or^ t h e  

methoj,  wc measured conduc i i v i t i e s  of s eve ra l  m o l t P i i  f l u o r i d e  sa l t  mix- 
Lures which w i 3  1 be pr rFented  i n  a subsequent r e p o r t .  

x 
I n  some c a s c s  t h e  rad ia l  guard h e a t i n g  w a s  inadequate  to reduce t h e  

radial  AT io < 1 l " C ,  a d  a c o r r e c t i o n  f o r  hea t  shunt ing  w a s  necessary  
(Chapter 2 ) .  



The the:rrrial conduct i .v%t ies  of f i v e  m a t e r i a l s  were determined over a 

ireniperntux range from 38 to 9 ~ 6 " ~  foy a total. of 31. s e r i e s  of measure- 

rnents ' !4rgon, helium, water HTS, and. mercury w e ~ e  cel.ec%ed -to tal-ibratie 

t h e  a;oparatixs because t1iej.r conductivities a r e  ~ ~ 1 . 1 .  es tab l i shed .  arid cover  

a wide range o f  val.ues: T'he con- 

d u c t i v i t y  of  J-ITS is  not as well. e bl.ii3hed a va lue  as those  of t h e  other. 

substances . However, HI'S can be heated t o  tempera tures  reqiAired t o  mel t  

t he  f l~uoi- ide sa1.t mix"cres . Near1.y 350 measurements were made of' t h e  

.~herrm.l. r e s i s t a n c e  as a fiunction of specimen t h i c k n e s s  t o  ob ta in  the 31. 
de te rmina t  i.oris of' conduc l iv i ty .  I n  Bddj-tion, ano the r  50 measureriients of 

r e s i s t a n c e  v s  t h i c k n e s s  were made wi.th the system evacuated t o  eva1u.ate 

t h e  s u r f a c e  emiss b i t  i e s  . 

* 

O . b  X 1.0'-3 to 1-00 x 1.0-" W ~ r n - ~  ("C)-'. 

'The o?-igil?al_ and reduced d a t a  a r e  p re sen ted  i n  Tabl.es B-I.. t o  B-22 
i n  Appendix B. 'WE d a t a  were reduced as ind.icaSed i n  t h e  method of cal- 

eul.ation i.n Chapter 2 .  'The total the]-mal. r e s i s t a n c e  i s  pl.otted as a 
f 'unct ion of t h e  specimen t h i c k n e s s ,  and t he  thertna:L cond-uct ivi ty  is  d e t e r -  

mined f rom the reciprocal .  s lope  as the specimen th i ckness  approaches zero. 

f l  iherrml Res is tance Cur-ves 

Seve ra l  r ep resen tn t i . ve  p l o t s  of total thermal r e s i s t a m e  as  a flnnc- 

ti.on of specimen thiclsness are shown. i n  E'i.gs. 16 t o  20. 
t empera ture  the  thermal. r e s i s t a n c e  i s  a l i n e a r  func-t ion,  as shown i n  

F i g s .  16 and I.'7 f o r  niercury a t  60.8"C and. €ITS a t  1.3'7"C. A t  t h e  h igher  

temperatures, the i n f luence  of in f ra red .  rad ia t iov-  on t h e  heat t y a n s f e r  

can be seen by t h e  cu rva tu re  of the  r e s i s t a n c e  curve f o r  HTS and argon 

a t  526°C and l-lel . ium at 91-16"C (F igs .  18 to 20) . 

A t  t h e  1.ower 

The f i x e d  thermal  r e s i s t a n c e  of t h e  c o n d u c t t v i t y  cell . ,  

* 
HI'S: KN0,-NaN02-NaN03 (44-49-7 mole $1. 
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Fig. 16. Total thermal resistance vs specimen thickness of  mercury 
I 60.8"~ (Run 2 ,  Apparatus P - A ) .  
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0 0.4 0.2 0 . 3  
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0.4 

Fig. 17. ' P o t a 1  t i i e m m a l  resistance vs specimen t h i c k n e s s  o f  HTS at 
197°C (Run 1 0 ,  Apparatus T - A ) .  
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i I i I--- ..................................... __ 

0 0.4 0 . 2  0.3 0.4 
SPECIMEN THICKNESS (crn) 

F i g .  18. T o t a l  thermal r e s i s t a n c e  vs specimen thicknes:; o f  HTS at, 
5;3Goc: (RLW 1, Apparatus 11-E). 

0 0.1 0.2 0.3 
S P E C I M E N  T H I C K N E S S  (cm) 

c.4 

Fig. 19. Total thermal  r e s i s t a n c e  vs specimen th i ckness  o f  argon 
at 503OC (Run 1, Apparatus 11-B). 



---E(, 10 WITH: c,='O.25; n=i.O; 
1 k=00037 Vi cm-'"C-',  AND 

I 
1 

~ _ _ ~  0 1 I 
0 01 0 2  0 3  0 4  

SPECIMEN I I I ~ C K N E S S  i c m )  

F ig .  20. Total thermal  resistaacf. VY sgecirnen t h i c k n e s s  o f  helium 
a t  9 ) 4 6 " ~  ( ~ u n  2, Apparatus I T - B ) .  

h e a t e r  assembly (Table 1) ac-ount f o r  most of t i i t  v a r i a t i o n  io f i x e d  

thermal r e s i s t a n c e .  Model T-A was operat633 several  months a t  t c q e r a -  

tures  up t o  303°C w i t h  f l u o r i d c  s a l t  mixtures  dur ing  a t i w  between 

m e  t7cury and HYS c a l i b r s t  i on m n s  . The Chrornel - A l i m e l  t h e  rmocoupl ec o f  

model 1-A would be  expecCed t o  show s i g n i f i c a n t  emf d r i f t  u i i d t r  t h e s e  

c o n d i t i o n s .  

TheIBmal r e s i s i a n c e  as a f u n c t i o n  of gap spac ing  w i t h  t h e  cell 

evacuated i s  shourl i n  F i g .  21 f o r  two temperatijrn levels (200 and 510°C) 

and two valilcs of heat flux (0.100 and 0.224 W em-'). The valucs of t h e  

specirren r e s i s t a n c e  (i.e., t o t a l  m i f i i i s  f i x e d  r e s i s i a n c e )  werc .   use^ for 

t l i t  evacuaicd r u n s ,  The expPcTed lack of  v a r i s t i o i i  o f  t h e  r e s i s t a n c e  as 

a f u n c t i o n  of t h e  gap spac ing  can be seen i n  t h e  f i g u r e .  A s l i g h t  change 

i n  t h e  e m i s s i v i t y  of ihe p l a i e  s u r f a c e s  w i l l  account  for the c iml l  a i f -  

f c r e n c c  i n  t h e  r e s i s t a n c e  between t h e  tvo hPaC i'lux va lues  a t  2 0 S " C .  

The t o t a l  hemispherical  e m i s s i v i t y  E, r a l c u l a t e d  from t h e  thermal r e s i s -  

L L ~ L ' I C ~  

two plates), v a r i e d  from 0.4 t o  0.5. 

using Eq. (10) i n  Chapter 2 (assiming equal  e m i s s j v j t y  f o r  t h e  
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u 200 0 .224  0.40 
0 200 0. 100 0.45 

0. I 0.2 

SPECIMEN THICKNESS (cm) 
0.3 

Fig .  21. Tllermal. r e s i s t a n c e  vs gap spac ing  with the conduc t iv i ty  
c e l l  evacuzted. 

The i n f l . e e t i o n  i n  the s l o p e  of the r e s i s t a n c e  ciirve f o r  HTS at 526°C 

(Fig.  1.8) is similar t o  .those shown -in F i g .  3 f o r  small i n f r a r e d  absorb ing  

rrBteria1.s. 'l'lre solid curve drawn through t h e  d a t a  was d.eri.ved from 

Eq. (g), us ing  t h e  procediire o u t l i n e d  i n  Chapter 2. 
was der ived  from t h e  Mol:ten Salts Handbook2' for t he  e u t e c t i c  composi t ion 

of' NaNO3-KNOr3 (11-7-53 mole %) a t  525°C and t h e  p rev ious ly  measured value 

of E = 0.45 was used f o r  t h e  p l a t e  e m i s s i v i t r e s .  

va lues  i n  Eq. (g), a best  fit: of the exper imenta l  data over. the e n t i r e  

range of specimen t h i c k n e s s e s  (0 < Ax 0.3  cm) gave ?ral~ues of the s p e c i -  

men conductvi-ty and mean absorbtivi ' ty of 3.28 X 

I 2 cm-l, r e s p e c t i v e l y .  

- 
A val_ue of n == I..)+ 

Ir1c:orporating these 

irJ cm-' ( " C ) - l  and 

T'ne thermal  resistance curves shown i n  F i g s .  19 and 20 resemble those  - - 
shown i n  F i g .  3 f o r  nonabsorbing gases (n  I= 1, ic = 0 ) .  Using the pre -  

v i o u s l y  determined p l a t e  emi t tance ,  the values of the c o n d u c t i v i t y  were 

found from a best f i t  of the r e s i s t a n c e  data to E q .  (9) to be 0.34 X IOe3  

and 3.3 X 

r e s p e c t i v e l y .  

W cm-l("C)-l f o r  a rgon  and helium at '503 and 946"C, 
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Thermal Conduct iv i tv  

The experimental  r e s u l t s  f o r  t h e  t heyma1 c o n d u c t i v i t y  f o r  t h e  d i f -  

f e r e n t  c a l i b r a t i o n  speciments used wi th  t h e  various appara tus  models arc 

p e s e n t e d  i n  -L’abl~e 2 .  One v a l u e  f o r  the conduc.ii.viiy of s o l i d  H‘I‘S a t  120°C 

i s  14% Large?. t h a n  a puhl.ished ~ a l - u e . ~  

r e s u l t s  Prom piib1.ished val-ues a r e  i-9.6% and -12%. 

p o s i t i v e  d-eviations is 4.976, anid t h e  a-verage of t h e  12 nega.tive d e v i a t i o n s  

i s  -4 . 4% . 

Y’he uaximum d e v i ~ a t i o n  of t h e  o t h e r  

The average o f  t h e  18 

6. D I S C U S S ~ O N  OF TIN RESULTS 

The accuracy of t h e  rtsuh ts, cornparisoil with prev ious ly  pub1 i shed  

v a l u e s ,  and theoretical c o r r e l a i i o n s  are d i sc i i s sed  i n  Chis c h a p t e r .  

Comparison w i t h  LPubl i shed  Valu-es - . - . ~  

The va lues  of t h e  c o n d u c t i v i t y  o f  t h c  subs tances  used to c a l i b r a t e  

t h e  vmiable-gap appara tus  were w e l l  e s t a b l i s h e d  w i t h  ’ihe except ion  of 

HTS. TouLoukian’s recommended val.ues”” f o r  argon and he l~ ium and Powel l ’ s  

value,  J 3 s 2 3  for wates-. and mercury a r e  r e p r e s e n t a t i v e  of accepted  con- 

d u c t i v i t i e s  for t h e s e  m a t e r i a l s .  O f  t h e  two s t u d i e s  on t h e  coaducti .vity 

o f  HI’S, we s e l e c t e d  t h e  more r e c e n t  r e s u l t s  of T~rn ’0u l - l .~  over t h o s e  of 

VargafYik because,  as Turnbull p o i n t s  o u t ,  V a r g a f t i k ‘ s  c a l i b r a t i o n  

t e s t s  wi.th “Dowtherm A ”  do not agree wi.’ch othei” pub1 i shed  val~iies . How- 

ever ,  Turnbul l  employed t h e  transient-Irict-wire technique w i t h  i t s  a-t tendant 
c u r r e n t  -shunt ing problems (Chapter 2 )  ; consequent ly ,  t h e  conduct i .vity o f  

HTS cannot bf regarded to be  as wel-1- es tabl . ished as t h a t  of t h e  o t h e r  

specimcns measured. 

24  

The individiia’l d e v i a t i o n s  between t h e  cxperirnental r e c i i l t s  and  The 

published values  were exainjned as a f u n c t i o n  o f  t h e  specimen type,  s p c c i -  
men conrhc t iv i ty ,  specimen temperature ,  and appara tus  rnodel . No obv ioiis 

c o r r e l a t i o n  could be found. 
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Tahle 2. Experimentnl. results 

Thermal conduct iv i ty  
[W cm-l ( T)-' I Difference Reference 

Run 

ko del Specimen No. Temperature & p t l .  L i t e r a t u r e  
( " C )  ($1 

1 

FLo 2 

1 -A 

3 
I 
2 

I 

2 

3 
4 

Bg 

ms 

5 
6 

'7 
8 

9 
10 

1.1- 

1% 

II-A He 1 

- ? 

11-8 He 1 

2 

45.2 

51.9 

38.0 
60.2 
60.8 
30-7 
308 
546 
'j4j 

I. 97 
271 
5'49 
285 

199 
1\38 

554 
172 
509 

52-9 

55% 

946 

x 103 x 10" 
6 3  6.38 
6.7, 6.47 
6 .-T8 6.30 

E?.,  93.2 
93.2 93.2 

3.L5 3.24 
3.34 3.24 

3. h7 3.22 
'd4 4.110 

4.2h- 11.30 

11. 30 4.7. 5 

4.78 14.80 
4.4. 4.38 

3 

4. 8:3 4.80 
4.7 
3 . O..( 3.21 
3 '48 3 .:>o 

3-04 3.02 

4.80 
1 

2.05 1. - 93 

2 * 7o 3 .  0Jr- 

3 -7() 16.21 

5.2 

3.7 

7.6 
-10.8 

0.0 

-1.4 
-3.5 

6.5 
3.1 

-0.4 
1 .I. 

7.7 
5.5 
0.6 
1 .9 

-4.4 
8.7 
6.2 

0.7 
-11.2 

-1 2 .I. 
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The average d e v i a t i o n  of 554 from t h e  publ jshed va lucs  f o r  'chc thermal 

c o n d u c t i v i t i e s  i s  cons iderably  l e s s  t h a n  expecietl c o n s i d e r i n g  t h e  s p c i a l -  

izpd design of t h e  a p p a r a t u s .  

Comuaris on w i t h  Tiieorv 

The cxpzrimental  r e s u l t s  f o r  HTS a t  526"~: (Fig.. 18) are a n  example 

of a t e s t  of the t h e o r y  of Chapter 2 f o r  infrarc.ri absorbi-ng ma. tcr ia ls .  

Equation (9) i n  coii j i inction wi th  .the values  of IC, n, E, and k ( s e l e c t e d  

i n  t!ie manner p r e v i o u s l y  descr ibed)  a g r e e s  w e l l  w i t h  t h e  experimental  

thermal  r e s i s t a n c e  data over t h e  range of  specimen thicknesses examined. 

In a d d i t i o n ,  the i n f l e c t i o n  poin t  of Fq. (9 )  and t h e  apparent  i~nf'J.ection 

poin t  i n  t h e  thcmial resi .s-iance da-'ia both occur i n  t h e  v i c i n i t y  of 

x = 0.3- em. (9) 
t o  . r ep resen t  -the therrral r e s i s t a n c e  d a t a  o€ m-ildly iilFra?*ed absorb ing  

specimens l i k e  EITS a t  500°C (F = 12 cm ) .  
out, t h e  Kikchoff  theory  ceases t o  be  va3i~ri i f  t h e  r e c i p r o c a l  of  t h e  

absorp'iion c o e f f i c i e n t  is  of t h e  same nagni'iutle a s  the wavelength i n  

soicie regi  oils of  t h e  a b s o r p t i o n  spectruili.  E'ortimatel y ,  when t h i s  con- 

d i t i o n  occurs, t h e  thermal r e s j - s t ance  i . ~  very near1 y a linear f u n c t  i.on 

of t h e  specimen thi-ckness .  

- -  

Such ag-t-ewneiit g;ives 11s confidence in t h e  use of E q .  

-1 However, as P 0 l . t ~ ~ ~  p o i n t s  

From a t h e o r e t i c a l  standpoin-L, Che d i s r u p t i o n  of t h e  l a t t i ~ c e  con-  

t in11. i . t~  by mel iing should lower t h e  condiictivi.ty s i g n i f i c a n t l y .  If w e  

e x t r a p o l a t e  our one r e s u l t  for t h e  c o n d u - t i v i t y  of s o l i d  K'YS a t  120°C 

t o  t h e  melYtirig p o i n t  a t  142°C by assumi~ng t h a t  thermal coiidirctivi  t y  i.s 

propor t iona l  t o  t h e  i n v e r s e  of t h e  a b s o l u t e  tcmperaLui-e k 

( a c c o r d t n g  t o  t h e  9ebyc phonon-scat ter ing t h e o r y ) ,  a r a t i o  of t h e  l i q u i d -  

t o - s o l i 2  thermal conductivity a t  t h e  melti.ng p0in.L is found t o  b e  0.85.  

Turnb~l.3.~ 

a t  the meI.'iirig poin t  for a l a r g e  number of  s a l t s  to be 3.86 4 0.13,. 

However, T u r n b u l l ' s  r e p o r t e d  valiies f o r  fIT:;" do not  show a d i scon t inu i - ty  

a t  t h e  mel'iing p o i n t .  Accordingly,  our va lue  o f  t l i e  c o n d u c t i v i t y  of 
solid :Try;, I-l!.$ higher  t h a n  'l112i-nbull's, appears  t o  be the more reasonable  

one. 

1/T (OK) 

r e p o r t s  t he  average rat l o  o f  1iqii i .d-to-sol~id conductivities 



IJncertain't-ies j n t h e  Kesiilts 

A d e t a i l e d  CTTC)"T a n a l y s i s  of the system is  gi.ven i n  .Appendix C, and 

t h e  r.osiult of' t h i s  anal.ysis i.s shown i n  Fig. 22. The estimated n1axirium 

an13 s t a n d a r d  error 1 . i m i  ts i n  t h e  conduct iv:i.ty measurriiients using apparatus 

111-B aT"e p l~o- t t ad  as a func.t ioli  of the  specjmen c o n d u c t i v i t y .  'l%e e€fcc.ks 

OP -LIE specimen .temperature rarge (300 to ~ : I o " c )  and of the degree of' 

r a d i a t i o n  effects ( z e r o  t o  rmxl.nium -i-adiatY.on at 900°C) do not cor i t r ibu te  

g r e a t l y  t o  'the e ~ r o r  and are shown by t h e  amas included w i t h i n  the small 

bands in Fig .  22. It l is apparent from -the f i g u r e  that .the error is s e m i -  

t i.ve to the magnitude of t h e  specimen conductivity except at l a r g e r  v a 1 ~ e s  

of t he  c o n d u c t i v i t y .  Mixh of the rincrease i n  error at  1 . 0 ~  -val-ues of con- 
d u c t i v i t y  results f-rorn an  increased  u n c e r t a i n t y  Ln t h e  measu.rement of the 

changci i n  t h e  spcicinien thi.clilness . This  1111 . t a in ty ,  c a w x e d  by the therIrlal 

expansion of the c o u d u ~ t - . i v i t y  cel.1. as ti le guard hea t  i11.g is a d j u s t e d ,  can 

be i!ii.niroized by a dual. quar.l:z r o d ,  dial- i i idica ' tor system. Such a system 
was not considered n.ecesr;ary f o r  the present appa ra tus  s ince  the conduc- 

t ivi . t i .es  of t h e  -molten. fl.uo~-irle salts were found t o  be in the v i c i n t t y  of 

0.01.. T h i  cm-I (oc>--l .  

ORNL-DWG 72-10542 

5 2 5 z 5 
k ,  SPECIMEN CONDUCTIVITY (w cm-' OC") 

Fig .  22. E s t i m a t e d  st,a,ritj.au.ti and rriaxim-um e r r o r  limits i n  t h e  ~011-  

tlu.c:-tivity measur.t.men-t;s for Apparatus 111-B vs specimen c o n d u c t i v i t i e s  
wi-th arid without radiative h e a t  transfer over 309 t o  900°C range. .A:I.so 
shown are exper imenta l  deviati .ons f r o m  published. values. 
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Figure  22 shows a l s o  t h e  d e v i a t i o n s  of each of t h e  experimental  r e -  

SUI t s  from t h e  pub1 i-shed v a l u e s .  Several  p o i n t s  a r e  outside of t h e  

es t imated  e i ’ i * O r  1.irnits ( t h e  c o n d u c t i v i t y  o f  sol i ~ r l  HTS was disci issed in 

t h e  previous s e c t i o n ) .  I)a“ia f o r  water  and mercury were obta ined  u s i r g  

Apparatus I-A, i.n which Chromel-Alumel thermocouples were used .  Since 

t h e  u n c e r t a l n t y  o f  the temperature  measured wi-til t he  Chromel-AI urnel 

thermocouples is  f o u r  times o f  t h a t  from Pt vs Pt-lOq6 Rh therrnocoupl.es, 

t h e  e r r o r  l i m i t s  f o r  Apparatus I-A are cons iderably  l a r g e r  than f o r  Ill-B, 

especial.3.y al: t h e  higher speci-men c o n d i i c t i v i t i e s  . Excluding t h e s e  p o i n t s ,  

93% of t h e  data l i e s  w i t h i n  t h e  rmxj.mm e r r o r  l i m i t s  and 68% w i t h i n  

t h e  s t a n d a r d  e r r o r  l imi t s .  

Adequacy of t h e  Fxper”cmenta1 Apparatus -...-_I _- 

The experimental  appara tus  proved extremely dirrabl e d e s p i t e  i t s  

complex des ign .  Model I -R  endured 500 hi. of opera- t ion wi th  a f l i i o r ide  

sa1.t mixture  a t  ternperatiires ranging from 500 t o  803”~ and f o r  850 hr 
w i t h  HTS at  temperatures  from 200 t o  500°C b e f o r e  f a i l u r e  of a thc rmo-  

coiipl e r e q u i r e d  the replacement of the h c a t e r  r-ssemhly. Model 11-A 

s u f f e r e d  a weld f a i l - u r e  i n  the hes.ter assernb1.y af-Lei- 1300 h r  of opei-a- 

tLon with helium and a r g o n  a t  temperatures  from 200 to 950°C and 89C h r  

w i t h  f l .uor ide sal t  inixtures from 500 t o  850”~.  model^ 111-B i s  s t i l l  i n  

o p e r a t i n g  c o n d i t i o n  after n e a r l y  3090 hi- wi th  f l u o r i d e  sa1.t mixtures  a t  

temperatures  f-corn 500 ’io 960”c. 

We p r e v i o u s l y  noted that. a dual quar tz - rod  d i a 3 - i n d i c a t o r  sysCen 

would be  2ble  t o  account for therinal expansion of t h e  c e l l  i n  meazuving 

specimen t h i c k n e s s e s  at low c o n d u c t i v i t y .  For such measurements, t h e  

upper  and lower  p l a t e  surl”ar*,>s should be pol i shed  t o  a m i r r o r  f i n i s h  also. 

1The sccuracy  and p r e c i s  ion of  t h e  conduc 1 i v i t y  fa1 iles coul d p o s s i b l y  

be improved by measuring the heat f l u x  depariing from the specimen. This 

heat €“lux can bc deterrniped by the  u s u a l  [mans o f  measuring t h e  temper- 

a t u r e  ci t-op a1 ong a w e l l - i n s u l a t e 3  rod of  known c o n d u c t i v i t y .  By meas- 

u r i n g  b o t h  t h e  hea t  flux e n t e r i n g  and l e a v i c g  t h e  specimen, t h e  e f f e c t  
of hpa? shiioting on t h e  de te rmina t ion  should be reduced.  



Designed 8.s it is f o r  s p e c i a l i z e d  thermal  c o n d u c t i v i t y  measurements 

wit% mol.ten fl.uorj.de salt mixtures  from 500 t o  l.OOO°C, t h e  variabl.e-gap 
appa ra tus  1ms demonstrated rerrarkable v e r s a t i l i t y  . Fxperri.menta1 r e s u l t s  

agree w i t i r i  pub l i shu f i  r e s u l t s  wit l i in  a n  average d e v i a t i o n  o f  5% f o r  a wide 

v a r i e t y  of specimens ( s o l i d s ,  1-iquids,  and gases ) ,  specimen c o n d u c t i v i t i e s  

LO*& x 
95! , "C)  - 
a-brili'ty t o  d i s t i n g u i s h  and e v a l u a t e  t h e  internal. r a d i a t i o n  w i t h i n  small 

.infrared absorbing f l u i d s .  

t o  I..OO x w cm-l ( " c ) - ~  I ,  and temperature  levels (40 t o  
I n  addi-Lion, t h e  variable-gap appa ra tus  has demonstrated i t s  

Consider ing t h e  wide range of a p p l i c a t i o n  and the accurai-y of the 
varizble-gap method, it i s  surprising t o  f i n d  so  few references t o  -it i n  

t h e  1 i . t e r a t u r e  . The exper imenta l  measurements of the i:onductivity of 

several-  f l u o r i d e  s a l t  mixtures  made concur ren t ly  w i t h  t h e  p re sen t  s tudy 

xi1.I be r epor t ed  i n  a later puhlTcat ion .  

'The au tho r  i s  g m t e f u l  f o r  the i nva luab le  8,ssistance of many of  
his a s s o c i a t e s  who c o n t r i b u t e d  t o  t h i s  inv -es t iga t ion .  I n  ;ga r t i cu la r ,  

t h e  a-uthor wishes t o  express 1r.s appreciat i -on t o  t h e  fol.l.owing persons:  

S. J .  Cla iborne ,  Jr., f o r  his vau1.abI.e a s s i s t a n c e  i n  assembling and 

o p e r a t i n g  t h e  appa ra tus ,  W. K .  S a r t o r y  f o r  his pattent stdvj-ce, J. W .  

Krewson and W. A .  B i r d  for their design of t h e  in s t rumen ta t ion ,  S .  W .  

Teague f o r  h i s  expediti-ng t h e  fa.bricati .on of the apparatus I Roberta Shor 

and 14. R .  Sheldon f o r  assi-stance wi th  the fi.nal e d i t i n g ,  and Margie A c i a i r  

and Dolores Eden for t h e i r  t y p i n g  of tb .e  r e p o r t .  
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Su.ffir::ient d e t a i l  i s  g iven  i n  t h i s  sect : i~on of the Appendix t h a t  t he  

thermal  conduct j:/ity cell. can  be  dup l i ca t ed .  Dctai1.s of t h e  var'ious 

components ape shown i n  F i g s .  A-I. and 14-2. 

The d i scuss fon  of the  methods i n  Chapter 2 and Appendix C suggests 

t h a t  t h e  geometry of the  appara tus  e x e r t s  considerab1.e e f f e c t  of the 

accuracy of t h e  c o n d u c t i v i t y  de te rmina t ion .  However, i n  most cases ,  t h e  

c ons e que nc e s of gr o s s s i ze , c o r r  os ion, and. h igh- t  empe rat u r  e c t~ m g t  h 

coun te rac t  o t h e r  changes which might improve i t s  accuracy .  We concent rp ted  

on minimizing s t r a y  hea t  f low because t h e  h e a t - t r a n s f e r  model. is  unidimeri- 

s 7-onal. 

Tne c y l i n d e r  con ta in ing  t h e  specimen i.s cons t ruc t ed  from stain. l .ess  

s t e e l  (304) and i s  i l l u s t r a t e d  i n  Fig. A-I.. 

were sel .ected to minimize hea t  shunt ing  around t h e  specimen withoist 

s a c r i f i c i n g  its s t r u c t u r a l  i n t e g r i t y .  The I.engt11 of the cyl.inder w a s  

chosen t o  f i t  a s t anda rd  furnace ,  5 i n .  I D  x 1-8 Ln. long, G O  that t h e  

speci-men would riccupy i t s  c e n t e r .  

t h e  c y l i n d e r  and t h e  s ink provides  a n  even hea t  flux d i s t r i b u t i o n  t o  the 

s ink. 

The dimensions of  the cyl-Tinder 

A ixni.form a i r  g ~ p ,  3/32 in., between 

The mobile h e a t  assembl.y, shown i n  F ig .  A-2, i s  designed t o  reduce the 

upward f l o w  of hea t  from t h e  specimen a r e a .  

t h e  assembly i s  t h e  A L 0 3  heater.  co re  machined from a h igh -pur i ty ,  hi.@- 

d e n s i t y  A&03  ceramic.  The core is  f a b r i c a t e d  i.n two p ieces  and is designed 

s o  t h a t  a &)-in. l e n g t h  of O.OlO-in.-diam Pt- lO$ Rh w i r e  could be  uniformly 

wound. on each p i ece  forming the main an.d guard h e a t e r s .  The grooves con- 

t a i n i n g  t h e  wires were t h e n  f i l l e d  with A1203 cemerxl: and f i r e d .  The su r -  

f ace  of t h e  main h e a t e r  w a s  ground f1.a.t: an2 smooth. Several .  dimensions of  

t h e  mobbile hea t  assemb1.y were c l .ose ly  control. led t o  i n s u r e  a uniform 

specimen thickness. These are shown i n  F i g .  A - 2 +  

The most important  p a r t  of 

Other c o n s i d e r a t i o n s  c o n t r i b u t i n g  t o  t he  des ign  of the appa ra tus  in-  

cI.ude t h e  ease  of assembly and disassemb1.y and t h e  convenience of f i l l i n g ,  
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0 R N L- D I G  7 2 - 10 5 4 3 

7.000 DIAL1 

SURFACE "X", 

X 4 5 '  C H A M F E R  Y 
....................... ....................... 4 ........ 

....................... I __ 4 3 h  DlAM ....... 

1 .  A F T E R  WEILDING AND P9IOR TO FINISH 

H E A T I N G  I N  A N  I N E R T  ATMOSPHERE 
TO I E 0 0 - 1 6 5 0 ° F  FOR ( 1 )  HOUR; FOLLOW 
BY S L O W  F U R N A C E  COOLING. 

CONCENTRIC WITHIN 0,002 T.I .R. AND 
PERPENDICULAR WITH SURFACES 

3.750 D I A M  T Y P  MACHINING. STRESS R E L I E V E  BY 

2. D I A M E T E R S  p], [e] A N D  TO B E  

X"  A N D  " Y "  W I T H I N  0.001 T. l  R 

REF. 1 

3. SURFACES " X " A N D  " Y "  TO B E  
P A R A L L E I ~  W I T H I N  0,002 i.1.H. 

3.505 D ~ A M  0 3.507 
ALl. D IMENSIONS A R E  I N  I N C H E S  ............... 

GROOVES FOR '/e in.OD 
S.S S H E A T H  H E A T E R S  

3.750 DIAM 

I 

GROOVES FOR '/e in. OD 
S.S. S H E A T H  H E A T E R S  

I - -  4 000 D l A M  

Fig. A - l .  D e t s i l  of iiie c o n d u c i i v i t y  cell cylinder. 



O H N L - - O W G  7 2 -  1 0 5 4 1  

I 

t 
I 

FOLD i C l L  
OOO? ThlC6. I .__ ....... 

- 1  
I 4 / rs  

w i n  2 I .A'fESf 01 

Fig.  A-2. D e t a i l  o f  movable piston assemb1.y of  the eoridiictivity 
c e l l .  

d r a i n i n g ,  and c l e a n i n g  the  a p p a r a t u s .  I n  a d d i t i o n ,  t h e  spcl=;men volume 

and t he  t o t a l  heated nlass of t h e  a p p a m t u s  were made a i  smll as possible.  

The more important experimental  equipmenl used i n  t h e  present in -  

v e s t i g a t i o n  is  listed i n  Tkb1 e A-1 .  

accuracies, anti Leact count are given  when known CIY' appl Leable. 

Model and sc-rin.1 numbers, capaci t i e s ,  



Table A - 1  . L i s t  of P e r t i n e n t  Experimental  Rqujpment 
(headjng va lues  are given if' known) 

- _ ~ _  

Least Count __........_..-__I__ Accuracy ___l..l__.... 
Equipment Calnc i ty  or rangc 

Potent  iornetc r 

Vol 'iage regrJ a t o r  

V a r i x  , a u t  om. t i c  
Model- 1.581-n 

flu1 1 d e t e c t o r  

. _...__-___ 

Chromel-Alumel 

Precision r e s i s t o r  

Leeds b Northrup 
Moor1 4360 

Dc volttage supply 

Kepcc Mo6cl SM 75-~MX 
..-L____._.__.___ 

Dial i ' i idicat o r  

0 - 1.4 v F (0.901% of  read: rik 2.0 pv 
1- 2 p) 

o ..- 0.16 v + (O.003$ of rcadi ag 0.2 $V 
+ 0.03 ,,V) 

o - 0.016 v +(o.oo~% o f  reading  0.02 /'V 
f 0 . 1  SV) 

output 115 v, +o 2 5 %  
a d j .  +10$, 50 A 

0.07 jiV/mm for 
source res is tar ices  
up t o  2000 0 

i 7 3  ,rV io +3 030 v t0.01% of 
i n  s ix-decade s t a g e s  € u l l  scal e 

1-0.2 

i3.75 

Input  105-125 V, Zinc : <O .01$ 
60 cps, 9.6 A max; vo l t age  v a r i a t i o n  
output & ' / >  v, o r  0.032 V, which-- 
0-8 A e v e r  gyeater a f t e r  

s t a b i l  i z i ng  

0 . 1  pv 

1.0 iLV 

20 r e v o l u t i o n s  one-ha1.f of oiie 3.0001~ in. 
( O . ! t  i.n.) d i v i s  ?.on 



I l n e  17 u-ncorrected,  r a w  data, experiniental  thermocouple emfs ,  h e a t e r  

c imrent  and .vol tage,  and gap-dial  i n d i c a t o r  readings are g iven  i n  
Tabl.i?s B-l. thrciugh E-11 . The reduced. exper imenta l  resu.l.ts which i n -  

c lude  spec j.rnen t h i ckness  the average temperature 1 evel., t empera ture  drop, 

heat f1u.x and t o t a l  thermal r e s i s t a n c e  a r e  t abu la t ed  i n  'I'akle:; B-1.2 

t h r w g b  3-92. All t h e s e  d a t a  are gruuped by specimen and apparatim rnod-el 

nurribers (Table 1.) and appear i n  c'nrono1.ogieal. o rder .  

The &ita f o r  vacuum runs were reduced i n  a slight1.y d i f f e r e n t  way 

fr.c;m the o t h e r  r u n s .  The p l a t e - t o - p l a t e  temperature  drop wa.3 determined 

f m m  t h e  t o t a l  d rop  minus the es-ti.nxil;ed wal.1 temperature drops arid WEE 

i.isetl t o  r.alciil.ate the t ? i e r iml  r e s i s t a n c e .  If the arie:rage temperature  

1.evel vari.ed significani:I.y i n  t h e  vacuum 'ixns, t h e  calculated thermal. 

r e s i s t a n c e s  . F T ~ ? Y ~  normalized to a mean average  temperature  by the ratio 

where T is in O x .  
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W o l e  B-1.  Ekperimental Eat8 f o r  H,O Using Apparat i~s  I - A  

Run No. -+ 1 -A 1-B 1-c 1 - D  1 -E 1 -E 1 -G 1-H 

mtp 

Time Begun 

D i a l  Zero (in.) 

D i a l  Reading ( i n .  

1 (mv) 

2 ( i w  ) 

TC 3 (mv) 

4 (mv) 

E 6 (.,I,\, ) 

Tc 5 (3,) 

E 7 (mv) 

'ir: 8 (irw) 

Tc 4 (mv) 

1 ( fLna1)  

2 ( f inal)  

T i x  F i n i s h  

9-1-65 

2:15 

0.05600 

0.25764 

1.2501, 

0.5760 

1.3996 

1.3948 

.- 

9-1-65 

4:07 

0.05600 

0.20802 

1.0008 

0.4728 

1.1438 

1.1391 

9-2-65 

1:25 

0.04900 

0.15819 

1.4407 

0.9131 

1.61t57 

1.61t3~: 

9-2-65 

2:55 

0.00000 

0.05123 

1.3170 

1 . O b 1 5  

1.5176 

1.5165 

9-2-65 

4:25 

0.00000 

0.01976 

1.2540 

1 .Of&> 

1.4246 

1 .h248 

9-3-65 

11: 22 

0.00000 

0.09889 

2 .?628 

1 .)-731 

2.5753 

2.5716 

9-3-65 

12: 50 

0. 00030 

C .04905 

2 . ,2435 
1.5936 

2._1411( 

2.31102 

9-1-65 

1:50 

0.00000 

0.02J+h? 

1.9368 

1.6585 

2.2241 

:'.224> 

2.2261 1.3974 

- 

1.1473 1. 5202 1.4202 2.5715 

.- 

1. s400 

0.9122 

1: 35 

1.2356 

1 .G52j 

5:25 

2.2632 

1.480~ 

11: 27 

1. 2503 

0.5760 

2:ZG 

1.0003 

c .1+720 

I+: 12 

1.3204 

1.0436 

3:lO 

0.0 
0.0 

8.98 
0.7810 

0.0 
0.0 

0.c 
0 . '3 

8.96 
0.767 j 

0.0 
0.0 

0 * 571 
... 

0.571 
- 

0.c 
0.0 

13.92 
1.1356 

0.0 
0.0 

0.0 
0.0 

13.92 
1.1129 

11.1 
0.9474 

0.0 
0.0 

1 1 . 1  
0.9512 

0.0 
0.0 

11.1 
r .9532 

2.0 
0.0 

- 
11.6 9.4 

.- 

4.9 
- 
5.2 

- 
5 . 1: 

I 

4.7 
- 

6.7 5.5 

- 
4.1 

- 
5.8 

- 
4.5 

-. 

4.4 6.0 5.6 7.15 

- 
l.i 

0.0 
0.0 

- 
5.8 

0.0 
0.0 

._ 
4 * 5 

0.0 
0.0 

- 
4.4 

0.0 
0.0 

- 
7.15 

3.0 
0.0 

c.0 
C.0 

I 

6.0 

0.: 
0 . 'S 

0 . c 
0 . '2 

- 
5.b  

0 . z 
'3 . c 

0.0 
0.0 

'2 .0 
0 .0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 



Tw Le 

Time iiegurr 

~ i a ~ .  zero ( i n . )  

Deisl lieadin;: (in.) 

'rc I (nrv) 

:! (mv ) 

TI: .z, (iiiv) 

;re 4 (mv) 

Tc" 6 (IIrJ) 

K! cl (mv) 

'E 7 (mv) 

'ic 9 ( m v )  

'IT 9 ( m v )  

3: 1. (final) 

TC 2 (final.) 

Time F in ish  

fLF 2 (v) 
( a )  

9-2-65 

)+:OS 

0 .  00000 

0.01211-0 

1 .8876 

I .6%3 

P .L6jl 

2.1649 

- 
2.1664 

- 
- 
- 

3 .a876 

1 .6%3 

- 

0.23 

13.80 
1.1385 

- 

- 
1)k .8 

- 
5.3 

5.5 

5.5 

0.0 
0.0 

0.0 
0.0 

- 

- 

3-1.6-65 

3:40 

0.00000 

0.1~492 

2.6371 

1.57h9 

2.9'(84 

2.9671 

I 

2.9743 

- 
I 

- 

2.6411 

1.5790 

3:5I 

0.0 
0.0 

13-92 
1.938 

0 .0 
0 .0 

- 
7.3 

- 
7"3 

- 
'1.3 

0.0 
0.0 

0.0 
0.0 

9-1~7-65 

is : 52 

c . r?oooo 

0 114485 

2.6578 

1 a 5 9 7 9  

2.9923 

2. g s l O  
I 

2.0843 

- 

- 
- 

2.6560 

1.5966 

12:03 

0.0 
0.0 

13.92 
1.938 

0.0 
0.0 

- 
7.3 
- 
7.3 

- 
'7.3 

0.0 
0.0 

0.0 
0.0 

9-17-65 

1:@2 

c . 00000 

0 .0gj0? 

2.4 .[4-8 

1.7152 

2 I 7848 

2.7805 

- 
2.7777 

- 

- 
- 

2 4742 

I. 71-40 

1:07 

0.0 
0.0 

13.92 
1.94y 

8.7 

6 . -{ 

6.8 

6.8 

0.0 
0.0 

0.0 
0.0 

- 

- 

- 

- 

9-1'7-65 

3: 50 

0. OOOOO 

o .04480 

2.2562 

1.0331. 

2.5576 

2.5551 

- 
2.5538 

- 
- 

- 

2.2592 

1.83'74 

11: 05 

0.0 
0.0 

1.3.56 
1.. g.50 

I 

1k.0 

- 
6.1 

5 .8 

5 .a 

I 

- 

0.0 
0.0 

0.0 
0.0 

9-21 -65 

2: 32 

0 .  00Ci00 

0.14730 

1.928'1 

1.0932 

2.1'783 

2.1-pa 

- 
2 .1-[8c[ 

I 

I 

I 

I. 9306 

1.0951 

2:42 

0.0 
0.0 

12.00 
1.733 

0.0 
0.0 

I 

6.1 

- 
5 .Y 

I 

5-9  

0.0 
0.0 

0.0 
0.0 

9-21-65 

3:40 

0. OOOOD 

0 " 09688 

1.81.51 

1.2268 

2.0455 

2 104 40 

.I 

2 I o m  
- 
I 

I 

I ~ 

1. .2250 

3:50 

0.0 
0.0 

12.00 
1.739 

- 
7.3 

- 
5.9 

j .8 

5.8 

- 

- 

0.0 
0.0 

0.0 
0.0 

3-21 -65 

'.: 1.2 

0. 0OOC0 

0.06692 

1 .7575 

1.32k4 

1.3837 

1. g8:jo 
I 

I. 5802 

- 
- 

I 

1.7565 

1 ~ .  3236 

4:18 

0.0 
0.0 

1%. (io 
1 ~ -142 

- 
10.2 

- 
5.3 

- 
5.3 

- 
5.3 

0.0 
0.0 

0.0 
0.0 



l a h L r  B-,'. Ex->erimen:al I lata fur IIg Us,ng Apparatus I - A  

Run -t r -A 1-3 1 -c 1-D 1-E 2 -A 2-B 2-C 2-D 2-E 2-F 

W t e  

Pime Begun 

Dial Zero ( i n . )  

3ial Reading (in.) 

K 1 ( m v )  

R: 2 (mv) 

R: 3 (m) 

E I, (3.) 

6 (..-) 

'E 5 (mv) 

'iy: 7 (my) 

R: 8 (mv)  

n: 9 :my! 

n: i ( f i n a i )  

Tc 2 (r.im1) 

Time Fin ish  

9-: b - 6  

12: 55 

-0.00050 

0.19469 

2.5655 

2 2959 

3.0665 

3.035; 

- 

j .0348 

1 .OS32 

- 
- 

2.584; 

2.2911~ 

1:,2 

0 .0 
0.0 

16.62 
2.265 

0.0 
0.0 

- 
8.2 

- 
8.0 

- 
8.0 

0.0 
0.0 

0.0 
0.0 

9-14-65 

2:05 

-0. ooo5n 

0.09462 

2.5771- 

2.3658 

2.9982 

2.9842 

- 

2.98;o 

0.8723 

- 
- 

2.5728 

2.3612 

2:16 

0.0 
0.0 

16.60 
2.265 

- 
7.3 

- 
7.5 

7.6 

7.6 

- 

- 

0.0 
0.0 

0.0 
0.0 

9--:4-65 

3: 50 

- .00050 

0.09451 

2.5800 

2.3585 

3.0192 

3.3069 

- 

3.0136 

0.8765 

- 
- 

2.5'7Y3 

2.3579 

3:55 

0.0 

L7.08 
2.326 

0.0 
0.0 

0.0 

- 
7.6 

7.6 

7.6 

- 

- 

0.0 
0.0 

0.0 
0.0 

9-7 4-65 

4: 06 

-0.oo050 

0.04446 

2.54~8 

2 .  3648 

2.977' 

2.9658 

- 

2.9956 

- 
- 
- 

2.5438 

2.3639 

4:46 

0.0 
0.0 

- ' f . 02  
2.326 

- 
2.2 

- 
'7. '> 

- 
'7.b 

- 
'7.5 

0.0 
0.0 

0.0 
0.c 

9-1 4-65 

6: 05 

-0.O005C 

0.02237 

2.4645 

2.3048 

2.8796 

2.8766 

- 

2.8535 

- 
- 
- 

2.Jr638 

2.309 

6:15 

0.0 
0.0 

17.06 
2.337 

- 
- 

- 
- 

- 
- 

- 
- 

0 .  r 
0.0 

0.0 
0.0 

9-15-65 9-15-65 

10: ! iC -L.IO 

0. ooooo 0 . o o m  

,?.. 

0.09500 0.04480 

2.586- 2.5675 

2.3615 2.3989 

?.Oj24 2.9891 

3.0i90 7.9821 

- - 

3.0285 2.9849 

0.8735 0.8389 

- - 
- - 

2.5862 2.5657 

2.38,5 2.3971 

10: 50 12: 20 

0.0 3.0 
0.0 '3.0 

17.03 1'1 .00 
2.330 2 . j .J>O 

0 . 0 - 
0.0 5.5 

- - 
7.9 7.5 

7 . 9  7.1 

. I .  9 '.6 

- - 

- - 

0 . 0 !I.(' 
0.0 0.c 

0 .? 0.r 
0.c  I?.? 

9-15-65 

1:25 

0 .00000 

0. i4975 

2.6130 

2.3620 

3 .o881 

3.0662 

- 
3.0652 

0.6820 

- 
- 

2.6143 

2.3635 

1:35 

0.0 
0.0 

17.00 
2.321 

0.0 
0.0 

- 
7.8 

7.6 

7.6 

0.0 
0 . 0 

0.0 
9.J 

- 

- 

y-I 5-65 

?:4> 

0.00000 

0.09508 

2.5707 

2.3626 

2. sa89 

2.9773 

- 

2.9751 

0.8505 

- 
- 

2.5496 

2.344L 

3: 35 

0.0 
0.0 

16.96 
2.317 

- 
3.7 

1.6 
- 

- 
I . 3 
- 

7.3 

0.0 
0.0 

C.O 
c . li 

'9-1 5-55 

L:45 

0.00000 

0.04k84 

2.5112 

2.3621 

2.9476 

2.9127 

- 

2.9517 

- 
- 
- 

2.529; 

2.360ti 

4: 50 

0.0 
0.0 

;6.($ 
2.323 

- 
- 

- 
- <  

I .o 

- 
7.3 

- - "  
.J 

0.0 
0 . 3 

c.0 
(J . 0 

~i5-65 

6: 40 

0.00000 

0.00578 

2.5167 

2.3765 

2.92~6 

2.9228 

- 

2. y26 

1 

- 
- 

2.5181 

2.3776 

6: 46 

0.0 
0.0 

~6.96 
2. jp 

- 
- 
- 

7.6 

- 
7.: 

- 
'1 .3  

0. C' 
0.C' 

P.0 
0.9 



"7. %. B-3. &?erin;entsl mta fcr Ill's 'Jsing Apparslus 1-a 

1-1 1 -J 2 -A 2-2 '2-2 2-D Run Xa. * i -A 1-B i -c 1-3 1-E 1-P 1 -G 1-H 

Wte 7-7-66 

Tine Eegm 12: 50 

Dial Zero (in.) 0.90289 

mal Reading (in.) 0.15243 

i2.816 

12. G37 

12.957 

12.931 

12 * 981 

14.184 

14.196 

13.424 

- 
12.614 

12.085 

1:oO 

0 
0 

6.63 
o . a m  
0 
0 

4.1 
4.1: 

6.3 
5.7 

6.i 
6.5 

3.75 

3 .8 

- 

- 

7-7-66 

2:45 

c.GG28C 

c . l m a  

12.770 

12.164 

12.99 

12.879 

12.694 

14.163 

- 
13.452. 

- 
12.769 

12.165 

2:55 

0 
0 

8.63 
9.8765 

3 
c 
4,1 
4.0 

6.0 

5.6 
6.0 

' 7  , ' . I  

- 
3.75 

z . 3  
- 

7-7-66 

4 : q  

0 .Co.;eo 

o . c8246 
12.663 

11.242 

ie.8oo 

12.786 

12.774 

14.129 

- 
13.474 

- 
12.63: 

12.242 

4:lG 

0 
0 

8.63 
o . m a  
0 
0 

4.1 
4 > 0  

4.9 

4.9 
5 

j .2 

- 
3.75 

3.8 
- 

7-8-66 

8:50 

0 .  e0280 

C.052:iB 

12.685 

12,352 

12.789 

12.976 

12 ~ 725 

14.105 

- 
13.54: 

- 
12.683 

12.352 

9:oc 

0 
3 

8.65 
0.8850 

c 
0 

L.l 
.0 

4.3 
"3 

4.4 
4.2 

- 
1.75 

3.8 
- 

7-9-66 

10: 3G 

0,00280 

0 .i?22:1 

12.634 

12.395 

i 2  ~ 743 

12.723 

12.684 

l$ .e91 

- 
15.540 

- 
If .e34 

12.394 

10: 42 

0 
C 

8.73 
o.agii3 

0 
0 

4.1 
4.0 

4.0 
4.3 

4.0 
4 . 2  

- 
7-75  

- 
3.8 

7-8-66 

11: 30 

0 .m280 

C .01269 

12.627 

12.415 

12.739 

12.724 

12.687 

14 .oak 

- 
13.539 

- 
12.628 

12.416 

11:40 

0 
0 

8.78 
c.8594 

0 
C 

4.1 
4.0 

k.0 
4.3 

4.0 
4.3 

- 
3 .'?5 

3.6 
- 

7-8-65 

12: 40 

r , . m e 0  -. 
2 .  e 3 8 2  

12.631 

12.349 

12. ;:E 

12.726 

12.666, 

1L.074 

- 
13.523 

I 

12.631 

12.350 

12: 50 

0 
0 

8.80 
0 .  go16 

0 
0 

4.1 
4.3 

4.0 
4.3 

4.0 
4.3 

3.7 

5.9 

- 

- 

7-8-66 

3:GG 

3 ,20283 

0.10502 

12.729 

i2.216 

2.8:: 

12.834 

12.823 

14.104 

- 
12*4& 

- 

2.729 

12.216 

3::O 

0 
C 

8.7' 
C.8%5 

0 
0 

4.i 
&,e 

5.?5 
5 .!3 

5 $2 
5.5 
- 
j .? 

- 
3.3 

7-11-66 

8:  jo  
0 * oceeo 

c.ecvy 

12 * 722 

12.523 

12.830 

12.El6 

1 2  .?% 

14.13'i' 

- 
13.629 

I 

12 * 722 

12.>23 

9:00 

e 
0 

8.67 
0 .  -9q 

0 
0 

4.1 
4.0 

L . l  
4.3 

L.0  
k.2 

- 
3.7 

3.8 
- 

7-11-66 

10: 20 

c .ooe3c 

0.02283 

12.711 

12.470 

12. 613 

i2.8C5 

12.754 

14.131 

13.604 

- 
12.71i 

12 * 468 

10: 30 

0 
0 

8.72 
0.8WC 

0 
c 

4.1 
ii .G 

4.1 
k . 3  

L.O 
L.3 

- 
? .7 

3.3 
- 

? - ii -66 

1:2c 

c ~ mesc 
0.09340 

12.m 

12.287 

12.887 

2.865 

12.856 

i4.128 

12.761 

12. 2 y  

1:3C 

3 
r 

8.72 
c.. 8887 

0 
c. 

4.0 
3.9 

5.2 
5.5 

5.0 
k.4 

- 
3.7 

3.8 



6
0
 

-4 
m

 

7
 

z: 4
 

7
1

 

F: 





rat.le H - .  (Continues) 

Run No. + 5 -F 5-G '1 - H 5 - 1  5 - J  5-K 5 -L 5-M 5-N 6-A 6-E 6-C 6-D 6 4  

Lnte 7-19-66 

Time Begun 12:37 

3iai Zero (in.) 0.05269 

Dial Kend:ng (.:n.) 0.10241 

8 ~ 8 7 8  

7.8630 

8.3199 

8.3056 

8.27;6 

9.1811 

- 

8.6037 

- 

5. I8 7s 

7.883? 

12:45 

0 
0 

9.59 
1.1034 

0 
0 

1.3 
i.6 

4.4 
4.9 

4.5 
5 .0 

- 
2.7 

- 
2.7 

7-19-66 

2: 35 

0.05269 

0.10241 

8.1800 

7.8772 

8.31i9 

8.2971 

8.2519 

9.1630 

- 

8.7926 

- 
8.1600 

7.8772 

2:LO 

0 
0 

9.59 
I ,1043 

0 
0 

i .8 
1.6 

4.5 
4.9 

4.5 
5 . c 
- 
2.7 

- 
2.7 

7-lg-66 

3: 30 

0.05269 

0.08248 

8.1360 

7.9015 

E. 2684 

8.2530 

8.229s 

9.1538 

- 

8.7932 

- 
8.1349 

7.3016 

3: 40 

0 
0 

9.59 
1 ::056 

0 
0 

1.8 
,.6 

4.55 
4.8 

' .35 
4.7 

- 
2.7 

- 
2.7 

7-20-66 

s:50 

3.05269 

0.06258 

8.0474 

7.8685 

8.i776 

6.1629 

8.1438 

9.1049 

- 
8.7815 

- 
8.0473 

7.8683 

9:OO 

0 
0 

9.59 
1.1086 

0 
0 

1.8 
1.6 

11.1 
4.6 

4.0 
JI . I +  

- 
2.7 

- 
2.7 

7-20-66 

10: 10 

0.05769 

0.05805 

8.0j07 

1 .e893 

8.1563 

8.143, 

8.1170 

9.~021 

- 

3.7838 

- 

8.0307 

7.6903 

10:20 

0 
0 

9.59 
~ .lo93 

0 
0 

1.8 
1.6 

3.9 
4.3 

3.9 
a.3 

- 
2. / 

- 
2.7 

7-20-66 

1::20 

0.05269 

0.05495 

8.0'+24 

7.9127 

8.1660 

8.1>32 

8.1262 

9. io01 

- 
8.7835 

- 
8.0416 

7.9121 

11: 35 

0 
0 

9.59 
1. LO91 

0 
0 

1.8 
1.6 

3.9 
4.3 

3.9 
4.7 

- 
? . ' I  

- 
2.7 

7-20-66 

12 : 20 

0.05269 

0.05269 

6.0356 

7.9115 

8.1600 

8.1470 

8.~231 

9.09gO 

- 
8.7840 

- 
8.0356 

7.9111 

12: 30 

0 
0 

9.59 
i . lo93 
0 
0 

1.8 
1.6 

3.9 . j 
3.9 
4.3 

- 
2. I 

- 
2.7 

7-20-66 

1: 35 

0.05269 

0.07246 

8.0621 

7.8702 

6.1881 

9.1.148 

8.1440 

9.1030 

- 

6.7744 

- 

b.0657 

7.8725 

1:45 

0 
0 

9.50 
1 .lo83 

0 
0 

,.8 
i.6 

4.1 
4.6 

4.1 
4.6 

- 
2 . -1 
- 
2.7 

7-20-66 

2: 25 

0.05269 

0.092L5 

6.1019 

7.8385 

6.2296 

6.2~6: 

8.1768 

9.1066 

- 

8.7696 

- 

8.3993 

7.8356 

2:40 

0 
0 

9.59 
1 .lo72 

0 
0 

1.8 
1 .h 

4.3 
4.7 

4.3 
4.7 

- 
2.7 

- 
2.7 

7-2;-66 

9: 00 

3.04258 

0.19544 

11.5063 

10.5625 

11 .6280 

-1.6076 

1;.6136 

13.3060 

- 

12.9338 

- 
11.5050 

10.9625 

9: 13 

0 
0 

G .6&5 
c .9086 

0 
0 

2.0 
1.6 

4.2 
4.4 

4.1 
4 '> 

.J 

- 
3.8 

3.8 
- 

7-21-66 

10:10 

0.4258 

0.17540 

-1.4776 

10.9873 

11.6017 

11.5836 

11.5815 

13.2899 

- 

12.929: 

- 

11.4778 

10.9873 

10::5 

0 
0 

8.64 
0.992 

0 
0 

2.0 
1.6 

3.9 
i .1  

3.9 
4.; 

3.6 

3.8 

- 

- 

7-21-66 

12: 10 

0.04258 

0.:5540 

11.4570 

11.0294 

11.5769 

11.5567 

1- .5466 

13.2726 

- 

12.9368 

- 

I1.4565 

11.0280 

12:20 

0 
0 

8.64 
3.9397 

0 
0 

2.0 
1.6 

3.6 
3.9 

j . 4  
3.0 

- 
3.6 

- 
3.6 

7-21-56 

1:55 

0.04256 

0.13518 

r:.l918 

11.1131 

11.6122 

11.5934 

11.5923 

i3.2809 

- 

12.9700 

- 
11.4931 

11.1142 

2:oo 

0 
0 

8.64 
0.9387 

0 
0 

2.0 
,.6 

3.4 
3.65 

3 . 4 
3.65 

3.8 

3.8 

- 

- 

7-21-66 

3:OO 

0.04258 

0.11540 

11.4631 

11.1363 

i1.5832 

~1.563~ 

1: .5625 

13.2832 

- 

12.98j9 

- m 
Iu 

11.4626 

11.1366 

3:lO 

0 
0 

3.64 
0.9393 

0 
U 

2.0 
1.6 

3.2 
3.4 

3.2 
3.3 

3.E: 

3.8 

- 

- 



0 3 
C 0 

6.64 8.6L 
o.vlcl 0.gile 

0 3 
0 0 

2.G 2.3 
1.6 1.6 

2.9 2.7 
3.1 2.7 

7- 22 -66 

12: 20 

0.04258 

0.35535 

11.3670 

li -2191 

t i  . q l O  

ii .46& 

11 .'+E3$ 

13 2655 

- 
12.9936 

- 
ii .3676 

11 .a10 

12:32 

0 
0 

8.54 
0.~16 

3 
3 

2 , C  
1.6 

2~1! 
2:5 

2.5 
2.5 

3.8 

3.8 

- 

- 

7-22-66 

?:30 

c.04256 

0.05334 

11.3306 

i I .'L9:3 

1: ,4467 

11.4266 

li .4289 

12.2336 

- 

i2.9759 

- 
ii. jli0 

11.1935 

3:35 

0 
0 

3 . a  
0 .  girt: 

3 
0 

2.0 
1.6 

2.2 
2.2 

2.1 
2.1 

- 
3.8 

3.E 
- 

7-2 5-66 

11: :E 

0.33672 

3.12653 

22 ..)it: 

22.432 

2'3.139 

2: I116 

23.159 

24.17o 

- 

24.041 

- 

22 . . . ' I  

22.492 

11: 2c. 

0 
0 

9.58 
,7686 

3 
0 

1.8 
1 .c5 

3.1 
3.0 

3 - 1  
3 .2 

6.2 

6.2 

- 

- 

7-25-66 

?:eo 

c . c0672 
C.066j6 

22 * 934 

22.580 

23.695 

23.066 

23. c$ 

2L.225 

- 
24 .e74 

- 
22.932 

22.581 

5:25 

0 
0 

9.51' 
0. ;ay4 

3 
0 

1 .a 
1.25 

1.5 
i .2 

1.5 
1 *2  

- 
6.2 

- 
5.2 

7-25-06 

4:;,7 

0.33672 

0.04626 

P2 191:: 

22.612 

23.084 

23.050 

22.089 

24.22k 

- 
2k.0Sg 

- 
22.p15 

22.613 

4: 22 

0 
0 

9.:e 
0.7S9t 

3 
c 

1.8 
1.05 

1.0 
0 .  j 

0.i 
c.5 

6.2 
- 

- 
6.2 

7-26-66 

12:05 

0. OD572 

0.0166: 

25.853 

22.640 

23.341 

22.996 

23.064 

24.204 

- 
24.,062 

- 

22.653 

22.630 

12: 10 

0 
3 

3.59 
0.196 

c 
0 

I .0 
3.2 

0 
0 

0 
0 

- 
6.2 

6.; 
- 

7-26-66 

::I: 

3 .COG72 

3.  CL162 

22.854 

22.660 

23.036 

22. q92 

23.c65 

24.194 

- 
24.363 

- 
22.853 

22.654 

1:25 

0 
0 

9.58 
0 .7y07 

0 
c. 

0 
c. 

0 
r, 

0 

- 
6.2 

6.1 
- 

7-;&66 

3:cg 

G.00672 

0.0216: 

21.86ii 

22.634 

23.041: 

23.002 

25.c68 

24.19 

- 
24.053 

- 

22.804 

22 * 634 

j:10 

0 
0 

9.56 
0 .  7907 

0 
5 

0 
0 

J 
0 

0 
0 

- 
6.2 

6.1 
- 





=ate 7/28/66 

Time Eagun 2:15 

D i a l  Zerc (in.)  0.05270 

Dial Reading (in.) 0.08116 

?-2$66 

4:40 

0.05270 

3.06130 

3.159 

8 .0oi3 

8 .ST? 

8.2'713 

8.2560 

9.2617 

I 

8.8363 

- 
8.159 

8.~015 

4.: 50 

0 
0 

9-56 
i .10iO 

0 
0 

l .E 
1.6 

4.0 
4.4 

k.0 
4 * 4 

- 
2.7 

- 
2.7 

7-28-56 

6:03 

o.oge70 

3.05270 

8.1546 

8. 0269 

8.2798 

e .26Q 

e .2486 

9.2506 

- 

8 23456 
- 

8.1540 

B ,0285 

6:15 

0 
0 

9.56 
1.1012 

0 
0 

1.8 
1.6 

L., 

3.9 
4.5 

2.7 

3*? 

- 

- 
2 . ;  

7-28-66 

13:so 

Q.0527i. 

0.14269 

8.5133 

'7 I 8lt46 

8.45~7 

8 * 4296 

6 * 4203 

9 .1 c; ..9 3 

- 

8.7754 

- 

8.3099 

7.8446 

11:OO 

0 
c 

9.56 
1.033 

0 
0 

1.8 
1.6 

5.0 
5.5 

5.0 
5.: 

- 
2.7 

- 
2.7 

,7-29-66 

11: jg 

0.05270 

0.202 :'0 

E ,4435 

7 . : 5 s  

8.5798 

3.5i:C 

8,551: 

9.3309 

- 

8.7356 

I 

8.4406 

7.7618 

11: 40 

0 

9.56 
i ,0929 

3 
0 

1.8 
1.6 

> .65 

5.65 

0.25 

G"25 

- 
2.: 

- 
2.7 

3 
0 

o 
0 

:.a 
. r  
L . '3 



mate 8-1-66 

Time Bewn 1 : 5 j  

Dial Zero (x.) 0.05270 

D i a l  Reatiln:: ( In . )  0.07648 

8.1Y72 

7.9946 

8.3264 

3.31 7 

6.2909 

9.2525 

- 
8.8282 

- 
8.19’5 

7.9850 

2:05 

3 
0 

9.56 
i.0997 

0 
0 

1.8 
1.6 

4.2 
1.. 65 

4.2 
4.65 

- 
2. ( 

- 
1 . 7  

8-8-66 

8: 30 

0.01 540 

0.13551 

23.031 

22.546 

23.191 

23.~65 

23.210 

24.259 

- 

24.036 

- 

23.030 

22.5L6 

a:37 

0 
0 

9.61 
0.7‘307 

0 
0 

1.7 
1.05 

3.0 
3.0 

j.0 
2.5 

- 
6.2 

- 
6.; 

8-6-66 

9 : z  

0 .0&0 

0.13257 

23.024 

22.539 

2;. 106 

23.153 

23.206 

24.256 

- 

24.025 

- 

23.023 

22.540 

9:27 

0 
0 

9.61 
0.7905 

0 
0 

1 .‘7 
1 .o> 

3.0 
3.0 

3.0 
2.9 

- 
6.2 

- 
6.2 

8-3-66 

;0:05 

0.01540 

0.1 2956 

23.022 

22.558 

23.131 

23.154 

23.203 

24.25:: 

- 
24.020 

- 

25.021 

22.559 

10:15 

0 
0 

9.61 
0.7904 

0 
0 

1.7 
i.05 

2.8 
2.7 

2.8 
2.8 

- 
6.2 

- 
6.2 

8-8-66 

11:oo 

0.01540 

0.12655 

23.006 

22.556 

23.164 

23.137 

22.179 

2L .24- 

- 
24.02; 

- 

23.005 

22.554 

11: 17 

0 
0 

9.61 
0.7S’l  

0 
0 

1.7 
1.05 

2.7 
2.6 

2 . 7  
2.55 

- 
6.2 

- 
6.2 

8-8-66 

2:00 

O.OL540 

0.123b5 

23007 

22.563 

23.162 

23.13’1 

23.175 

24.236 

- 

24.023 

- 

23.007 

22.564 

2: :0 

0 
0 

9.6: 
0.7W4 

0 
0 

1.7 
1.05 

“ 5  
;’ .45 

2.b 
2.5 

- 
6 .;’ 
- 
6.2 

8-8-66 

1:oo 

0.01 >40 

0.12050 

22.997 

22.556 

23.154 

r~3.28 

2j.165 

2k.233 

- 

24.021 

- 

T2.996 

22.559 

1:15 

0 
0 

9.61 
0.794 

0 
0 

I .‘I 
I .0CI 

2.4 
2.35 

2.4 
2 .  .’> 

- 
f> . c’ 
- 
6 . 2 

8-8-66 

2:10 

n.oi540 

0.’:>10 

22.992 

22.567 

25.1k9 

23.1211 

23 . l> ’ (  

2L.226 

- 

24.021, 

- 

22.992 

22.566 

2:15 

0 
0 

9.61 
C. 

0 
0 

1 .7 
1.05 

2.5 
2.25 

2.2 
I’ . <: 
- 
1.: 

- 
6., 

8-8-66 

3: 15 

o . o 1540 

0.112&9 

72.998 

2?. 576 

23.153 

2 3 . 2 ’ 9  

23.~61 

2.1.226 

- 

24.029 

- 

23.000 

22.577 

3:20 

0 
0 

9.60 
0. (903 

0 
0 

1.7 
1.05 

2.2 
2.: 

2.2 
L1.1 

- 
0 .2  

- 
6.:> 

8-8-66 

4:20 

0.01 5 110 

0.102’,0 

22.991 

22.592 

23.1*8 

2j.121 

23.154 

24.226 

- 
24.033 

- 

22.990 

22.5Y3 

4:30 

0 
0 

9.60 
C .790j 

0 
0 

I., 

1.05 

- 
I .Y> 

- 
1.95 

6.2 
- 

- 
0.; 

64-66 

5:2c 

0.0.540 

0 . 0 9 ~ 6  

22.996 

22.6~2 

23.149 

23.119 

23.151 

24.226 

- 

24.536 

- 

22.999 

22.603 

5:2> 

0 
0 

9.60 
0.7003 

0 
0 

1.7 
1.05 

2 .o 
1.75 

2.r 
1 .:5 

- 
LP.;> 

- 
6.2 

8-8-66 

6: 20 

0.01540 

0.06815 

23.000 

22.625 

23.159 

23.129 

27.156 

24 .22b 

- 
24.046 

- 

23.001 

22.627 

6:2j 

0 
0 

9.60 
0.7900 

0 
0 

1 . I  
I . (I> 

.8 
1.6 

i . :J‘ 
I . /  

- 
6.2 

- 
6.: 

8-0-66 

7:10 

0.015’10 

0.08230 

23.005 

22.640 

23.162 

23.;31: 

23.160 

211.232 

- 

24.055 

- 

23.006 

22.640 

7: 20 

0 
0 

9.60 
0. 1898 

0 
0 

1.7 
1.05 

1.7 
1.45 

L.8 
..5 

- 
6.2 

- 
b . 2 

8-5-66 

6: 30 

c‘.01540 

0.07638 

22.996 

22.638 

23.156 

23.1.;0 

23.156 

24.236 

- 

24.061 

- Ca 
cn 

22.VY3 

22.635 

8: 10 

0 
0 

9. GC 
0.7898 

) 

0 

1.7 
-.05 

1.7 
1 .o: 

1 .i 
1 .c 

- 
6.2 

- 
6.2 



mte 8-8-6 

T i m e  Begun 9: 40 

Dial Z e r o  (In.) 0.0154C 

D i a l  Reading ( in . )  0.07055 

22.963 

22.610 

23.13 

23.103 

23.i32 

24.230 

- 
24,0:0 

- 
22.962 

23.6~9 

9:45 

0 
C 

9.60 
0.7899 

9 
0 

1.7 
1.05 

I .1 
0.8 

1.2 
0-9 

5.2 

6.2 

- 

- 

9-8-66 

1G: 40 

0 .0?540 

0.06458 

22.970 

22.627 

23.134 

23.101 

23.127 

24.221 

- 
2L.049 

- 
22 * 970 

22. h26 

10:45 

0 
0 

9.60 
0.7930 

0 
0 

1.7 
1.05 

1 .0 
0.5 

1 .0 
0.5 

6.2 

6.2 

- 

- 

8-8-66 

11:2c 

0.015h 

0.0587b 

22.959 

22,626 

23.125 

25.091 

23 * 122 

24.219 

- 
24.046 

- 
22.959 

22 A26 

11:25 

0 
0 

9.60 
0.7933 

0 
C 

1 .7 
1 *cg 

l.C 
0.5 

1 .c 
0.5 

6 * 2  

6.2 

- 

- 

8-io-66 

9:oo 

0.0154O 

0.05435 

2 ; , m  

22.76r: 

23.222 

23,197 

23.221 

24.277 

- 
24.143 

- 
23.067 

22.764 

9:05 

0 
C 

9.595 
0.7881 

0 
0 

1.6 
1.05 

<: .C 
0.3 

<1.0 
0.3 

6,2 

6.2 

- 
- 

8-10-66 

10:15 

0.3- 540 

0.~5168 

23.068 

r,2*?78 

23.227 

23.198 

23.224 

24.277 

- 
24.1k5 

- 
23.066 

22. -TI 

1C:25 

0 
0 

9~595 
0.7881 

0 
0 

1.8 
1.05 

c1.3 
0.3 

<i .0 
0.: 

or, 2 

6.2 

- 

- 

8-10-66 

11:10 

c.015L;o 

0. 046’ii 

23.058 

22. $1 

25.222 

23.1% 

23,220 

24.276 

- 
24,143 

- 
23.057 

27 ,780 

11: 16 

0 
C 

9::95 
o .7881 
3 
3 

i .8 
1 

C1.P 
0.2 

<1 .0 
0.2 

- 
6.2 

6.2 
- 

8-i0-66 

l?:GO 

0.01>k0 

s2 .31+232 

23.056 

22. 769 

23.219 

23.189 

23.223 

24.276 

- 

ei.137 

- 
23.056 

22 * 790 

12: 1c 

0 
0 

9.59 
07879 

0 
c 

1.8 
1 >c5 

U . C  
3.1 

4 .O 
3.1 

- 
6.2 

- 
6.2 

8-13-66 

12:L;O 

C.01540 

c .03826 

23.252 

22.795 

23.2~6 

23.185 

23.222 

24.273 

- 
24. i41 

- 
23.052 

22.796 

1 : 00 

0 
0 

9.585 
0.7878 

3 
C 

1.; 
0.8 

0 
0 

0 
E 

- 
6,2 

6.2 
- 

8-23-66 

1: 35 

0.01540 

0.034 49 

23.356 

22.811 

23.22c 

23.189 

23.227 

24.272 

- 
24 . l k ?  

- 
23.357 

22.812 

::4j 

0 
0 

9.585 
0.7a79 

0 
0 

1.: 
. -  

C.8 

d 

c 

3 
0 

- 
6 *P 

- 
0.2 

E-ic-66 

2:25 

0 .01540 

0.33072 

21,OL7 

22.810 

23.213 

23.179 

23.221 

24.269 

- 
24.i52 

- 
23.045 

22.809 

2:35 

c 
0 

9.585 
0.7580 

0 
0 

0 
3 

0 
0 

0 
7 

- 
6.2 

6.2 
- 

8-:E-66 

4: io 

3.01543 

0.32272 

23.018 

22 . E m  

23.194. 

23.157 

23.214 

24 260 

- 
24.152 

- 

23.318 

22. a20 

4:17 

0 
0 

2.585 
0.7881 

3 
0 

3 
‘2 

0 
3 

0 
0 

- 
6.2 

- 
6.2 

8-10-66 

4:57 

0.01 540 

C.02132 

2g.c:e 

22.8i6 

23.19 

23.153 

23.213 

24.262 

- 
2k.15: 

- 
23.009 

22.815 

5 : r  

0 
0 

5.595 
0.7861 

0 
0 

0 
P 

0 
O 

0 
3 

- 
6.2 

6.2 
- 

E-1~,-6t: 

6: b.0 

0.01540 

0.01554 

23.027 

22.836 

23.202 

23.165 

23.22i 

24.264 

23.026 

22.836 

6:45 

0 
0 

- 
6.2 

- 
6.2 
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~ a t l e  A - 4 .  Experimentai %ta f o r  Hel’um Using Apparatus 1 1 4  

iiun KO. -t 1 -A 1 -B 1-c 1-3 1-E 1-F l-G 1-1; 1-1 1-J I-K 2 -A 2-B 2-c 

a t e  12-20-66 

Time Begun 2:15 

3ial Zero (in.)  0.01470 

Dial Reading ( i n . )  0.01470 

1.2203 

1.1536 

1.2377 

1.2341 

1.23>5 

6.8867 

6.733 

6.06g6 

I .e362 

I .e186 

1.1815 

2: 35 

2.59 

a. ll; 
:.4129 

0.0 
0.0 

2.0 
1.6 

3.2 
3.0 

9.5 
6.7 

- 

20.2 
2.0 

13.5 
1.3 

12-21-66 

8:35 

0.01k70 

0.0~864 

1.2326 

1 .1875 

1.2491 

1.2k82 

1.2391 

6.8118 

6.6807 

6.0501 

1.2426 

1.2325 

1 .:L677 

b: 41 

2.59 - 

11.14 
1 , :t137 

0.0 
0.0 

2.0 
1.6 

3 .4 
3.2 

9.9 
8.7 

23.2 
2.0 

:.3.6 
1.3 

12-21-66 

9:26 

0.01470 

0.02258 

1.2382 

1.1823 

1.2531 

1.2531 

1.2381 

6.8i56 

6.6792 

6.0463 

1.2395 

1.2350 

1.1793 

9:Q 

2.59 - 

11.14 
l.’t01’1 

0.0 
0.0 

2.0 
1.6 

3.4 
3.2 

9.9 
8.7 

20.2 
2.0 

:3.6 
1.3 

;2-2;-66 

io: 30 

0.01470 

0.02660 

1.2326 

L.1673 

1.2467 

1. 2477 

1.2301 

6.5085 

6.6699 

6.0291 

1.2294 

1.2326 

1.1672 

10: 40 

2-59 - 

11.14 
1.4110 

0.0 
0.0 

2.0 
1.6 

3.4 
3.2 

9.9 
6.7 

20.2 
2.0 

13.6 
1.3 

;2-2--66 

11: 30 

0.01470 

0.03047 

1.2;69 

1.1621 

1.2493 

1.2516 

1.2291 

6.8000 

6.6519 

6.0096 

I. 2266 

I .2354 

1.1619 

11:kO 

2.59 - 

11.14 
L .413 

0.0 
0.0 

2.3 
1.7 

3.4 
3.2 

“ 9  
8.8 

20.2 
2.0 

13 .5  
1.5 

12-21-66 

12: 30 

0.011,70 

0.03437 

1.2459 

1.1619 

i .2569 

1.2606 

1.2540 

6.7969 

6.6459 

5 e9991 

1.2297 

1.2465 

1.1625 

12: 50 

2.59 - 

11.14 
I .4105 

0.0 
0.0 

2.0 
1.7 

3.7 
3.4 

9.9 
8.E 

23.2 
2.0 

13.5 
1.3 

12-21-65 

1:20 

0.01470 

0.03830 

1.2543 

1.1603 

1.2667 

1.2695 

1.2394 

6.8000 

6.6166 

5.9915 

1.2316 

1.2537 

1.1597 

1:30 

2.87 
- 

11.14 
1.4072 

0.0 
0.0 

2.0 
i.7 

4.0 
3.9 

9.9 
8.8 

20.2 
2.0 

13.5 
i.3 

12-2;-66 

2:28 

0.01470 

0.04227 

1.2546 

1 .l513 

1.2680 

1.2695 

1.2369 

6.7998 

6.6381 

5.9762 

1.2262 

; .2542 

l.1506 

2:40 

3.14 
I 

l1.14 
1.4069 

0.0 
3.0 

2.3 
1.7 

4.0 
3 .8  

9.9 
8.: 

23.2 
2.0 

11.6 
1.3 

-2-21-66 

3:18 

0.01470 

0.051ii 

1.2665 

1 .1406 

1.2813 

1.2829 

1.2363 

6.795i 

5.9676 

6.631& 

1.2230 

i.269 

1.1406 

3: 30 

3.87 
- 

11.14 
1.4095 

0.0 
0.0 

2.0 
1.7 

k.O 
3.8 

9.9 
8.7 

20.2 
2.0 

13.5 
1.3 

12-21-66 

3: 50 

0.01k70 

0.09352 

1.3059 

1.1168 

i. 3111 

1.3182 

1.2381 

6.7939 

6.6203 

5.9515 

1.2166 

1.3047 

1.1153 

4:00 

4.48 - 
ii.15 
i.3990 

0.0 
0.0 

2.0 
1.7 

4.0 
3.8 

9.9 
8.7 

20.2 
2.0 

13.6 
1 - 3  

12-21-66 

4:05 

0.01470 

0.13292 

1.3286 

1.3979 

1.3352 

1 3425 

i .2386 

- 
- 
- 

1.2095 

1-3295 

1 .ow2 

4: 35 

5.22 

11.16 

- 

1.3951 

0.0 
0.0 

2.0 
1.7 

4.0 
3.8 

9.9 
6.7 

20.2 
2.0 

13.6 
l.j 

12-26-65 12-28-66 

i2:oo 

3.01930 

0.01928 

4.3631 

4.2535 

4. LjOO 

4.4246 

4.4352 

23.340 

23.236 

22.696 

4. 3416 

4.3633 

4.2535 

12:05 

0.0 
0.0 

20.~9 
806 

0.0 
0.0 

2.5 
1.6 

0.0 
0.0 

0.0 
0.0 

57.4 
6.3 

54.5 
5.9 

12: 35 

0.01930 

0.02325 

4.3708 

4.2415 

4.4353 

4.4316 

4.4519 

23.3k3 

23.229 

22.683 

1.3354 

4.370i 

4.2408 

12 : 48 

0.0 
0.0 

20.19 
1 .ti06 

0.0 
0.0 

2.5 
1.6 

0.0 
0.0 

0.0 
0.0  

57.4 
6.3 

54.5 
5.9 

12-28-66 

1:15 

0.31930 

0.02716 

4.3789 

4.2306 

4.4397 

k .4386 

a.  42% 

23.338 

23.216 

4.379: 

4.2309 

>:28 

0.0 
0.0 

20.19 
1.805 

0.0 
0.0 

2.5 
1.6 

0.0 
0.0 

1.3 
0.5 

57.4 
6.3 

54.5 
5.9 



L j 8 4 1  

4.2171 

4 .Lc437 

4.4437 

4.4271 

23. js4 

29.197 

22.636 

4.3249 

i; .?8j3 

i.. ,21611 

2:15 

' 2 . 6 2  - 
29.19 
L.804 

0.0 
C .o 

2.5 
1.6 

0.9 
0.5 

1 *B 
i .C 

57.5 
5.5 

54.5 
5 "9  

12-28-66 

2:55 

0 .  Gi.j;0 

0.9751,c 

4.3??& 

4.2152 

4.4 5-19 

4,4602 

4.L??jj 

23.33c 

23.201 

22.621 

4.3332 

4.40ss 

4-2156 

3:37 

O * g 6  

20.19 

- 

1.803 

c.0 
0.0 

2.5 
1.6 

2.0 
1.4 

3.L  

57.5 
6.3 

54.5 
5.3 

2 .? 

2-28-66 

3:50 

c. 01930 

0.33890 

4.4i41 

4.2086 

4. i;-r i. I C ' ,  

4 # L7 j 2  

4.4513 

23.332 

23.221 

22.612 

4. j 4 ~ 2  

4.4232 

4 * 2078 

4: c9 

1.50 - 

20.19 
1.802 

0.0 
0.c 

2.5 
1.6 

3.2 
2.6 

4.5 
3.6 

57.4 
6.3 

54.4 
5 - 9  

2-29-85 

8: 43 

0.01930 

0 . SL. 2EE 

4.4101 

11.1867 

1;.46% 

b .LO94 

4.4442 

2.2.345 

23.181; 

22.551 

4.3291 

4.i;ilc 

i .1878 

8: 50 

1.98 

29.18 

- 
1 .EC2 

C,O 
c.0 

2.: 
1.6 

3.1 
2.5 

5.0 
4,; 

57.L 
6.5 

54.5 
0.0 

12+.-66 

11:30 

0. c19:,0 

C,,og064 

4.4&28 

4.1842 

4. 5003 

4.4995 

ii.463ii 

23. '87 

23.220 

22.538 

4.3i5:r 

4.44kO 

4.1799 

12:17 

2.77 - 
20.i9 
1.W 

c.0 
'5.3 

2.5 
1.6 

'1.2 
3.3 

6.5  
5.2 

57.4 
6 .3  

54.4 
5.5 

12-23-66 

12:50 

c .  s:gj:, 

e .  05:+'?8 

4.445c 

b.it'& 

4.5065 

4. 50bg 

4.4726 

2;.  397 

23.215 

22.51.1; 

4.3452 

4.4449 

4 .:655 

1:0i 

2.97 

20.19 

- 

1 prl;cr 

3.c 
0.0 

2.5 
i .6 

1.2 
3.3 

n $3 

6.3 

57.1; 
6.3 

54.1 
6.0 

L. , 

. .  

12-29-66 

1:35 

C. .01930 

0 .c:%-, 
4..$505 

4.1512, 

4.5121 

4. jcs$ 

4.4764 

23.402 

23.213 

22.488 

4. j4eo 

4.4:cc 

4.1528 

1:kh 

3.11 

20.19 

- 

1 . W  

(3.0 
c * 0  

2.5 
1.6 

5.1 
4.2 

7.5 
6.0 

57.4 
6.3 

54.4 
6.0 

l2-29-66 

2 : 5 C  

O.Cl$&J 

0.3"l'eo 

4.5299 

4 .c,g:0 

4.5859 

L .5872 

4.5339 

23.516 

23.276 

22.413 

ii .3649 

4.5298 

4.cg:o 

3:co 

3.50 - 
29.19 
i .786 

3,0 
C.O 

2.; 
1.6 

7.6 
6.2 

10.9 
6.2 

57.4 
6.3 

5L.4 
6.0 

1.2-29-66 12-29-66 

3 : 5 5  

0 .c1930 

0 137 j 2  

1.. 6069 

4.0212 

L.6119 

4.66L4 

4.6204 

23.71ir 

23-42? 

22.351 

4.3922 

4.6646 

4.0209 

k:08 

3.50 - 
20.19 
1 :777 

c $0 
0.3 

2.5 
1.6 

10.6 
9.2 

10.0 
9.3 

57.4. 
6.3 

54.4 
6.0 



TBbI e 8-5. WserimenLal Data for Vacuum Using A p p r a T u s  11-3 

Run -+ 1 -A :-3 I -C 1-D 2 -A 2-B 2-c 2-D 3 -A 3-B 3 -C 3-12 

a t e  

Time Begun 

D i a l  Zero ( i n . )  

Da- Aeaaing ; i n . )  

T2 1 (w)  

Tc 2 ( Iv ;  

'E 3 (mvj 

TC 4 (mv) 

TC 5 (mv) 

E 6 {mv) 

:T 7 (my) 

Tc 8 (w)  

?% 9 (mv) 

M (final) 

'rc 2 ( f i n a l )  

Time i i n i s n  

1-20-67 

2:10 

0. 00y1.i 

0.12590 

0.6298 

0.1763 

0.6291 

0.6304 

0.6360 

- 
- 
- 

0.6040 

0.5295 

0.4762 

2:17 

2.11 - 

2.08 
0.2979 

0.0 
0.0 

4.4 
4.- 

$.$I 
5 .o 

6.7 
7.0 

0.0 
0.0 

0.0 
0.0 

1-20-67 

2:45 

0.00917 

0.08787 

0.6295 

0.4770 

0.629 

0.6301 

0.5394 

- 
- 
- 

0.6050 

0.6295 

0.4770 

2: 50 

2.11 - 
2.08 
0.2978 

0.0 
0.0 

!+ .4 
4 ,  

4.9 
5.0 

6:/ 
7.0 

0.0 
0.0 

0.0 
0.0 

.i 

L-20-67 

3:15 

0.00917 

0.04859 

0.6295 

0.!1747 

0.629:. 

0.6302 

0.637; 

- 
- 
- 

0.6032 

0.6293 

3.4753 

3:28 

2.11 - 
2.08 
0.2978 

0.0 
0.0 

4.4 
L.2 

'+.8 
4.9 

6.6 
'1.0 

0.0 
0.0 

0.0 
0.0 

1-20-67 

3:55 

0.00917 

0.32836 

0.6296 

0.4760 

0.6295 

0.6304 

0.6363 

- 

- 
- 

0.6030 

0.6295 

0.4757 

4:oo 

2.li - 

2.08 
0.2977 

0.0 
0.0 

4.4 
4.1 

4.6 
h .7 

6.7 

3.c 

7.0 

.. , , . 5. 

0 . (1 
C). r' 

:-24-6! 

8:45 

0.01600 

0.05k8 

4.4860 

4.2279 

4 .+I71 

4.k982 

'1.5573 

23.421 

23.156 

22. !r61 

4.4533 

4.4860 

4.2279 

- 
0.0 
0.0 

8.105 
0.729 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

3.0 
0.0 

57.4 
(5.4 

5li .h 
6 .(> 

1-24-67 

9: 40 

O.Oih00 

0.09450 

k .4b60 

4.2278 

4.4962 

4.1r979 

4.5545 

23.406 

25.145 

22.426 

4.4504 

4.4856 

4.2278 

10:10 

0.13 

6.100 
3.7280 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

I 

57.4 
6.4 

54.6 
6.3 

L-24-67 

13:20 

0.01600 

0.13417 

k.4856 

4.2266 

4.4957 

4.498: 

4.5523 

23.399 

23.135 

22.401 

4.4487 

4.4859 

2.2269 

li:25 

0 . i l  - 

8.085 
0.7269 

0.0 
0.5 

0.0 
0.0 

0.0 
3.0 

3.0 
0.0 

57.5 
6A 

54.b 
6.9 

1-29-67 

2:25 

0.0~600 

o.oj52C 

4.4937 

4.2270 

11.4934 

I , .  4918 

4.5526 

23.382 

23.126 

22.435 

k.4496 

4.4836 

k.2279 

2: 35 

0.27 - 
8.100 
3.7296 

0.0 
0.0 

0.0 
0.0 

0.0 
0.3 

0 .3 
0.0 

57.1. 
6.4 

54.7 
6.0 

5-24-67 

12:40 

3.31330 

0.02366 

8.3780 

7.5811 

8.5336 

8.5394 

8.2179 

8.4225 

8.1614 

7.6730 

7.9869 

3.3,795 

1.5820 

12: 50 

14.5 - 

20.25 
1.1;iz 

0.0 
0.0 

10.0 
9.6 

8.9 
7.i 

ti.: 

'.0 

83.5 
9.2 

7e.c 
5.6 

5-214-67 

1 : 30 

3.31 !)30 

o .06905 

a. 3826 
7.5765 

8.5356 

8.5415 

9.2165 

8.4215 

8.1594 

7.6720 

7.9835 

8. j830 

7.580; 

1:40 

14.5 - 

20.25 
1.412 

0.0 
0.0 

10.0 
9.8 

8.9 

8.1 
7.0 

8?.5 
Y.2 

78.9 
6.6 

7.1 

5-24-6.7 

3 :  55 

p.0:079 

0.05018 

8.2059 

7.7469 

8.283; 

8.2739 

8.295: 

6.4499 

8.2714 

7.8571 

8. 08b3 

8.2051 

7.7469 

4:05 

0.0 
0 . 0 
12.00 
0.848 

0.0 
0.0 

10.0 
9.8 

9.0 
7.i 

8.2 
7.0 

-93.5 
9.2 

78.0 
8.6 

5-24-67 

4:17 

3.10-9 

0.08963 

6.2079 

7.7469 

5.2829 

6.2730 

8.2949 

- 
- 
- 

8.0825 

8.2073 

7. 7'>50 

4:25 

0.0 
0.0 

12.00 
0.8'18 

0.0 
0.0 

iO.O 
9.8 

9.0 
7.1 

8.2 
7.0 

81.5 
9.2 

,4.0 
8.6 



;?-'(-&, 

5:lO 

o .xe17r 

0.09172 

k.5465 

4.4152 

4.6469 

4.5484 

4.6196 

25.248 

25.136 

22.251 

4.5401 

4.5465 

4.4152 

9: 20 

4.18 

19.62 
1.m 

- 

O.C 
0.0 

7.6 
K r, , .C 

2.1 
1.6 

2.0 
1.5 

v . 6  
6.4 

54.7 
5.9 

?-,{-&! 

Q.2'. 

0.03172 

... , 

0.x563 

4.5 558 

4.422 

4.6543 

4.6369 

4.5215 

23.2'13 

22.127 

22. 221 

4.5391 

4.5534 

4.4039 

10: 37 

4.47 

19.64 

- 

1. '720 

3.0 
0.0 

7.6 
5 .C 

2.5 
2.1 

2.1: 
2.9 

j7.6 
6.4 

54:: 
5.9 

2-$-67 

10:1:2 

0. 0OL-(2 

C.ljC*O 

:;.:te: 
4.4019 

4.6680 

4.6665 

4.630 

23.256 

53.13F 

22.199 

4.5434 

4 * 5630 

c.3957 

11: 35 

5.02 

19.64 
i.7:9 

C .o 
0.3 

- 

7.6 
5 .0 

3.6 
3.0 

3.5 
3.0 

57.6 
6.G 

54.7 
5.9 

2-74? 

j:1c 

0 * 00172 

9.02142 

4.5872 

1.3750 

4.69i9 

4 . 0 9 3  

L .6552 
15 _.,. 
L> . 3  1 4 

23.233 

22.12: 

4.-'> 2 ,13, 

4.5847 

4.37';: 

3:?0 

1.95 - 
19.6C 
1.711 

C.3 
0.0 

7.'. 
5.0 

5.5 

6.5 
5.8 

57.6 
6.4 

jL.? 
6.3 

6.8 

2-7-6- 

4:00 

0.00172 

c .025.37 

4.;+3 

4.3'7GO 

4.7009 

4.650 

4.6971 

- 
- 
- 

4.5503 

h .5895 

4.3662 

4:20 

1.00 - 

19.60 
1:.l0 

3.0 
O.C 

7 .5 
j .C. 

7.5 
6.: 

7.1 
6.2 

57.6 
5 , 4  

54.7 
6.i. 
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i%te 1-25-a7 

?pime Begun 10: 10 

Dial Zero (in.) 0.01870 

Dial Reading [in.) 0.Oi870 

4.4683 

L. 3472 

4.5453 

&*5461 

4 . 5 p o  

23.069 

22.976 

22.201 

4.4575 

4.4666 

4 * 3442 

11~25 

2 . T  

2a.16 

- 

1. ,?86 

- 
2.6 
i.7 

0 , G  
0.0 

2.0 
1 . 5  

5'1.5 
6.4 

A.7 
6.0 

C '  

1-25-67 

12:00 

c.01670 

0.02255 

4 * 4799 

4.337L 

4.5544 

L.5579 

4.5305 

23.065 

22,961 

22. ;eL 

4.4569 

4.3380 

4.5544 

i2:15 

2.92 - 
20. 14 
1.783 

- - 
2.6 
1.7 

0.0 
0.0 

2.u 
1.5 

51.5 
0.4 

54.7 
6.0 

1-25-67 

1;':5c 

o.cj.670 

0.02654 

4.4861 

L. 3241 

4.5701 

4.5650 

4.534; 

23.060 

22.946 

22.156 

4.4576 

4.4872 

4.3236 

1:X 

3.56 - 
20.13 
1.?69 

- - 
2.6 
1.7 

1.0 
c.5 

3 .3 
2.7  

57.5 
6.4 

5L.7 
6.0 

1-25-6? 

i :25 

c.01670 

0.03052 

4. SOL2 

4.3131 

4.5798 

4.5j3 

4.5438 

23.0-71 

22.545 

22. si1 

4.4621 

4.4993 

4 . 3 i l C  

2:15 

3.9 

2c.15 

- 

1.786 

- 
- 

2.6 
1.7 

2.: 
5 . 7  2.. . 
4.c 
3 .E. 

57.5 
6.4 

54.7 
6.0 

1-25-67 

5 :00  

o .a1870 

G.O?81;O 

4 .pi0 

4.2681 

L 

4.6Qy: 

k .  5843 

23.162 

2j.COi 

25.026 

4.L855 

L .5197 

4.2E7G 

5:10 

3.00 - 

20.19 
1.733 

- - 
2.6 
1.7 

5.2 
4.6 

6.2 
5. ' .  

5-..5 
6.4 

54.7 
6.0 

L-25-67 

5:30 

0.ci8,:o 

0.042j4 

L - ,  .3>>1t 

4.2835 

4 . 6 1 5 ~  

4.6:&6 

4.5991 

?3.1$ 

23. 02e 

21.995 

4.4926 

4.5711 

k.2763 

6:05 

3.00 - 
20.22 
1 .?FA 

- - 
2 . 5  
1.7 

6.0 
5.2 

6.5 
6.1 

57.5 
6"ii 

$:.' 
6.0 



Run No. + 2-'2 - 2-B  2-C 2-D 2-E 2-F 2-G 2-H 2-1 2-J 

Dit? 1-27-6; 

Time Eegun 12:25 

D i a l  Zero ( i n . )  0.00682 

D i a l  Reui3ng ( in . )  0.00687 

9.0309 

8.8622 

9.1550 

9.1591 

9.0816 

39.742 

40.000 

39.060 

8-9934 

9.0308 

8.8630 

l2:LO 

4.39 

24.00 
1.605 

8.8 
5.2 

1c.0 
6.5 

3.6 

5.0 
4.0 

90.3 
9.8 

86.0 
9.5 

4.6 

1-27-67 

1:OC 

0.00682 

0. 01076 

9.03W 

8.8550 

9.1'104 

9.1718 

9.1000 

39.754 

b0.08h 

39.043 

8.9982 

9.0)+05 

8.8510 

1: 35 

5.03 
I 

24.30 
1.607 

8.8 
5.2 

10.0 
6.5 

6.0 
4.6 

6.0 
4.8 

90.3 
9.8 

36.0 
3.5 

1-27-67 

2:12 

0.00682 

0.31451 

9.0519 

8.8424 

9.192k 

9.1895 

9.1141 

39.'783 

40.119 

39.021 

9.006& 

9.0516 

8.81~24 

'i_ : 2'7 

6.08 
- 

24.00 
1.603 

8.8 
5.2 

10.0 
6.5 

7.2 
5.7 

6.9 
5.: 

93.3 
9.8 

86.3 
9.5 

1-27-67 

3:07 

0.0068? 

3 .0181~2 

9.0646 

8.8320 

9.2071 

9.2057 

9.1415 

- 
- 

- 

9.0234 

9.0632 

8.8348 

4:m 

4.49 - 

24.00 
1.607 

8.8 
5.2 

8.0 

7 .2  
5.7 

- 

6 .9  
5.7 

54.3 
9.8 

86.0 
9.5 

1-2';-67 

4;33 

0.00682 

0 .C2285 

9.0700 

8.82514 

9.7118 

9.2104 

9.1'+29 

- 
- 
- 

9.0219 

9.06% 

8.8242 

4: 52 

- 

24.00 
1.603 

8.8 
5.2 
- 

8.0 

7.6 
6.1 

7.8 
6.6 

90.3 
9.8 

86.0 
9.5 

1-27-67 

5:23 

0.00682 

0.02695 

9.0773 

a. 8128 

9.2205 

9.2200 

9.1519 
- 

- 

9.0247 

9.0760 

8.8123 

5:5c 

4.50 

2L . 00 
1.606 

8.8 
5.2 

8.0 

8.6 
6.8 

8.7 
7.1 

90.5 
.9.8 

86 .o 
9.5 

- 

1-27-57 

6 :  30 

c .0368i 

C .03040 

9.0876 

8.8083 

9.2359 

9.2345 

9.1650 

- 

9.~317 

9.0895 

e ,8092 

6:50 

4.53 
- 

24.00 
1.605 

8 .8  
5.2 

10.0 
6.5 

9.3 - -  
I . 3  

9.0 
7 .5  

90.3, 
9.8 

86.0 
9.5 

1-27-67 

7:55 

0.30687 

0.06195 

9.1352 

8.7238 

9.2':76 

9.2776 

9.1:j0 

I 

- 

- 

9.0263 

9.1336 

8.7545 

8:10 

6.00 
- 

24.00 
1.599 

8.8 
5 -2 

10 .0 
6.5 

8.0 
- 

- 
8.0 

%.! 
9.a 

86.0 
9.5 

8::: 

0.0068: 

0.12571 

9. 1x7 

8.7015 

9.??40 

.* - 

9.3368 

9.1426 

- 

- 

- 

9 . 0 2 3  

9.2012 

8.6995 

9:05 

8.02 - 

24.00 
1.59" 

8.8 
5.2 

10.0 
6.5 

8.1 
- 

8.1 

90. 3 
9.8 

E6.C 
1.5 

9: -0 

3.00672 

0.006'2 

9.0171 

8.8628 

3.1658 

9.1658 

9.1058 

- 

- 

- 

9.0046 

9.019 

8.66L3 

9: 50 

4 . 3  

24.00 
1 . 6 ~ 9  

8.8 
5.2 

10.52 
6.5 

9.0 
- 

- 
9.1 

9 . 3  
9.8 

86°C 
9.: 



1-31-67 

9:GO 

0.01;25 

0 .a172 j 

4.3330 

4.1870 

4.4347 

4.4395 

4.45ii 

22 .98  

22.550 

21  .e18 

L.3447 

4.3330 

4 .re68 

9: 15 

1.98 - 

18.04 
1.613 

i .C 
0.2 

2 - 9  
I.& 

0.0 
3.c 

0.0 
3.c 
58.0 
5.4 

5 5 . 3  
5.9 

1- 31-67 

10: 30 

0.0172: 

c.02512 

4.4592 

4.0572 

4.5545 

4.5553 

4.4614 

22.949 

22 .483 

21.379 

4.3177 

4.4587 

4.0569 

10: 45 

6.42 
- 

18.0s 
1.6m 

1.0 
0.2 

2.9 
i.8 

4.7 

4.5 
4.0 

j8.c 
6.4 

55.0 
7.9 

4.0 

1- jl-67 

12: 40 

C.01725 

0.01:03 

4.5403 

3,9755 

4.6305 

4.6341 

4. 4762 

22.964 

22.  LO4 

21.16 

4.3064 

4.5424 

3.2764 

12:58 

7.56 

18.06 
1.593 

1.0 
0.2 

- 

2.5 
.: .a 
6.6 
5.'? 

6.3 
5.6 

58.0 
6. :t 

55.0 
5.9 

1-31-67 

2 : 2 2  

c ~ 1 7 2 5  

(> .Ob093 

4.6~56 

?.9:C@ 

4.699~ 

4 

4. 49* 

- 
- 
- 

4.3048 

4.6083 

4.9085 

2:38 

8.52 - 
18.02 
1.580 

1.0 
C.2  

a .3 
1.3 

1.9 
6.8 

7.8 

5E.0  
6.4 

54.9 
6.C 

7 .3 

2-1-67 

9: 30 

0. e1725 

0.048?5 

4.6565 

?.E717 

i t .  7471 

4 . 7 M  

4.l4854 

23 .COS 

22.35: 

20.875 

4.2829 

4.6545 

3.g709 

9: 45 

9.66 

18.10 
1.583 

- 

1 .e 
0.2 

2.9 
1.8 

?.9 
6.8 

7.8 
'7.0 

53.0 
6.Q 

5k .9  
6.0 

" .  r - i - b 7  

12:3: 

0.1'725 

0.321 :9 

4.3.136 

4.11 57 

4.;i$6 

4.4955 

4.k33.L 

22.846 

22.419 

2i.li:T 

4.3143 

4.3950 

4.1162 

12:5? 

2.98 

18.04 
1*6X 

i . O  
0.2 

2.9 1.e 
2.1 
1.6 

1.9 
1.4 

58.C 
6.4 

5L.P 
6.0 

- 

2-7 -57 

3:30 

1.0172s 

0.0369: 

4 * 57.?8 

?.95C0 

4.6761 

4.6754 

4.4948 

- 
- 
- 

4.3104 

L. 5835 

3.5492 

3: 45 

4.23 

18.04 
1.587 

- 

1.0 
c.2 

2.5, 
l . 8  

7.5 
6.5 

7.1 
6.4 

56.0 
6.4 

C1 , . t . c j  
6.0 

2-1-07 

4:2:: 

0.0:,725 

0.04480 

4.6312 

5-96? 

L. 7213 

4.7X3 

4.4860 

- 
- 
- 

4.2942 

4.6317 

3.9376 

4:40 

4.58 - 

18.04 
1.56: 

1.3 
0.2 

2.9 
i.8 

7.5 
0 .5  

7.1 
6.4 

5B.3 
6.L 

54.9 
5.C 

2-2-67 

2 : 45 

0,0i'725 

0.3$13 

4.4055 

L.C693 

4.4250 

4.4256 

4.4424 

22.504 

22.554 

Sl. '?L5 

4.3244 

4.4049 

4 . 6 9 2  

i:00 

O.m 
0.00 

c' ,.b2 h 
0.8103 

1.c 
c.2 

2.9 
: . E  

C.O 
C.O 

0.0 
0,0 

58.0 
6.4 

54.9 
6.3 

:-'-&67 

2:oo 

0.0172: 

C.13536 

4.4178 

4.0576 

4.4355 

4.b35c 

4.4376 

22.884 

22.526 

21.694 

4.3172 

4.4185 

4.0574 

2:15 

2-33 - 
9.02 
0.8158 

L ,6 
3.2 

2.0 
:.E 

0.0 
0.0 

3 . 0 
3.0 

58.6 
6.1, 

5k.9 
b.CI 

5-.16-67 

10: 13 

o~oom8 

0 .0c008 

8.1126 

7 .9586 

8 . 2 3 2 ~  

d.2:67 

8.1758 

9.3376 

8.1977 

7.8900 

8.0h03 

e .  109 
7.6553 

10: 35 

3 . 3 0  

20 .L5 
1.430 

0.0 
0.0 

10.0 

- 

"8 

c.0 
0.0 

0.0 
0.0 

83.5 
9.2 

78.1 
3.6 

5-16-67 

12: 35 

0. d00m 

0.03401 

8.1361 

7.8255 

8.2487 

3 . 2 6 ~  

8.1734 

8.5376 

8.1911 

'1.8727 

8.0293 

6.i30; 

7.8256 

12:45 

L.72 - 
20.20 
1.429 

C.O 
0.0 

lC.0 
9.8 

2.0 
r . 4  

2.c 
1.L 

83.5 
".2 

78.1 
8.6 



Hun A b .  + 2-C 2-0 2-J! 2-f 2-G 2-R 2-1 2-; 2-.i 2-L 2-M 2 - N  2-0 

5-16-67 

r:30 

0. 03008 

O.OX (9; 

8.1575 

7.8000 

8.2770 

3.2823 

8.1730 

8.3402 

5. .I 8 51 

- . m a  
8.0218 

8.1533 

7.3038 

1:50 

6.97 

20.25 
- 

i .427 

0.0 
3.0 

10.3 
9.8 

2 . 3  
3.2 

2.7 
2 .2 

51.5 
9.2 

78.- 
6.6 

5-18-67 

3:15 

0.00006 

0.01.96 

'5.177Y 

7.7684 

8.2961 

8.3020 

8.1790 

8.3434 

a . ia61 

7 .8479 

6.0225 

8.17'9 

,7.7877 

3: 30 

5.00 
- 

20.25 
1.428 

0.0 
C . 3  

10.0 
9.8 

;.a 
3.0 

5.6 
3.0 

33.5 
9.2 

78.1 
8 .6  

5-15-67 

4:OO 

!> . 00008 

0.0: 582 

8.19ii9 

7.7749 

8.3237 

8. j218 

6 .  - 9 2  

8.3512 

3.1910 

7 .  a400 

8.0257 

8.1946 

' I .  7746 

4:lO 

&.on 

20.25 
I .426 

0.0 
0.0 

10.0 

- 

9.6 

5.1 
4.- 

4.7 
k.O 

d3.5 
y . 'J 

78.1 
3.6 

5-19-67 

8: 50 

0.00008 

0.01>8k 

a. 2079 

7.7724 

8.3j71 

b.3400 

8.1956 

8.3597 

8.1953 

7.0374 

8.0300 

6.2075 

7.7721 
- 

9.00 
- 

20.25 
1.424 

0.0 
0.0 

10.0 
9.8 

5 . 1  
ir.1 

i . 7  
4.0 

83.5 
9.2 

7h.1 
8 .6  

5-19-67 

13: 10 

0.00008 

O.Oiy(8 

5.2226 

7.7547 

8.3566 

6.3555 

8.1967 

8.3596 

8 . 1 9 9  

7.6234 

8.0240 

6.2200 

7.7515 

10:25 

9.00 
- 

20.25 
i .)+Pi 

0 .0  
3 .0  

10.0 
9.8 

5.7 
4.5 

5.3 
4.5 

83.6 
9.2 

,[Fc.0 
8.6 

5-19-67 

11:15 

0.00008 

0.02375 

6.2j16 

7.7326 

8.3692 

8.365s 

8.2002 

6.3630 

5.191 

7. PLOY 

8.0212 

8.2289 

7.7356 

I:: 32 

li .00 
- 

20.25 
1.423 

0.0 
0.3 

10.0 
9.8 

6.3 
5.0 

5.9 
5.0 

8!.6 
9.2 

78.C 
5.6 

5-19-67 

12:25 

0.00308 

0.02 763 

8.2396 

7.7270 

8.3789 

6.3765 

3.2061 

8.3676 

8.1938 

'7.8061 

8.0248 

6.2400 

7.7270 

12: j 5  

10.5 

20.25 
- 

1.423 

0.0 
0.0 

10.0 
9.8 

7.0 
5.5 

5.6 
5.6 

83.6 
9.7 

76.0 
8.6 

5-19-67 

1:20 

0.00008 

0.03160 

8.2478 

7.7161 

8. j863 

8.3846 

0.2139 

6.3717 

8.1966 

7.8002 

8.0257 

8.21177 

7 . ~ 6 2  

1:30 

10.5 
- 

20.25 
1.422 

0.0 
0.0 

i O . O  
9.6 

7.L 
6.0 

6 . 9  
6 .0  

63.6 
9.2 

5.6 
78.0 

5-19-67 

1:55 

0.0000s 

0.03556 

8.2560 

7.7092 

3.3946 

8.3936 

6 . 2 2 ~ 9  

8.5761 

8.2012 

7.7976 

6.0256 

5.2561 

7.7088 

2:10 

10.5 
- 

20.25 
1.422 

0.3 
0.0 

10.0 
9.8 

6.5 

7. I+ 
6.b 

83.6 
9.2 

78.0 
8.6 

3.1 

5-19-67 

2:45 

0.00008 

0.03949 

8.265; 

7.7005 

8.404: 

8.4029 

6.2520 

9.3851 

8.2069 

7.19-7 

8.0336 

8.2649 

7.7000 

3:05 

10.5 

20.25 
- 

i.42; 

0.0 
0.0 

13.0 
9.8 

8 .5  
6.8 

3.1 
7.0 

83.6 
9.2 

73.0 
8.6 

5-19-67 

4:15 

0.00234 

0.002jr 

8.,033 

7.8576 

8.2359 

6.2489 

8.1741 

8.3420 

8.2023 

7.6893 

8.0364 

6.1050 

7 .&98 

4:25 

3.0 
- 

20.25 
1.429 

0.0 
0.0 

10.0 
9.8 

0.0 
0.0 

0.0 
0.0 

83.6 
9.2 

78.0 
8.6 

5-19-65 

5:35 

0.00234 

0.006jo 

8.149 

7.8217 

8.2626 

6 . 2 9 6  

8.1755 
- 

- 
- 

8.0278 

k.1485 

7.9;95 

6: & o  

7.0 
- 

20.22 
1.426 

0.0 
0.0 

10.0 
9.3 

T.0 
1.4 

2 .0  
L . 4  

8 j . 6  
9.2 

' 8 . 0  
8 . 6  

5-19-61 

6:50 

0.00234 

0.01025 

8.1-761 

7.7862 

8.3156 

8.318: 

8.1727 

8.3432 
- 

8.1761 

7.7876 

7: 05 

9.0 
- 

20 2 2  
1.426 

0.0 
0.0 

10.0 
9.8 

2.8 
2.2 

2.1, 
2 .2  

83.6 
51.2 

78.5 
8.6 





Table b-:?. Experimental L4ta lor  Vacuum Usin:: Appara.&us I L I - A  

Run No. -+ 1 -A 1-8 1-c 2 -A 2-H 2-C 3 -A 3-B 3 -c 3-n j - E  3-F 

4-29-68 

j :20 

0.00550 

0.04592 

4.73500 

4.44768 

4.7$724 

4.74856 

4.116631 

- 
- 
- 

4.5 39iO 

4 .75725 

h .4,500 

,:55 

9.2 

10.03 
0.9630 

- 

0.0 
0.0 

10.0 
LO.O 

0.0 
0.0 

0.0 
r.0 

-15.8 
c> . n 

46.1 
'5.0 

4- 30 - 68 

8: io 

0.00550 

0.84!+0 

4.72734 

4. $4014 

4.74000 

7.74~65 

lr.5'1100 

- 
- 
- 

L.52650 

4.72807 

. I .  43790 

8: 5> 

9.2 
- 

10.10 
0.9615 

0.0 
0.0 

10.0 
10.0 

0.0 
0.0 

0.0 
0 . 0 
45.8 
c, . 0 
L6.l 
'> .(I 

4-30-68 

11:00 

0.00550 

0.12364 

4.73272 

4.44248 

4.75778 

I .74813 

*.51520 

- 
- 

- 

L.53068 

4.73?3 

: I .  44256 

11:15 

10.06 
- 

10.06 
0.%03 

0 .0  
0 .0  

19.0 
13.0 

0.0 
0.0 

3.0 
0.0 

45.8 
5 .(I 

1; i .  1 
i . 0 

5-14-68 

'k05 

0.00j50 

0 .0428? 

4.92576 

1.Oi443e 

4.97487 

4.9769E 

4.23521 

- 
- 
- 

4.20146 

4. 92582 

$.ob376 

y:25 

7.23 

i5.* 

- 

1.485 

3.0 
0.0 

10.0 
10.0 

0.0 
0 . 0 

0.0 
0 .0  

4.i.6 
'+ . 8 
-; .2 
4,s 

5-14-68 

10: 48 

0.00350 

0.08221 

&. 92231 

4.0418h 

I,. 96879 

4. %SO? 

4.2860~ 

- 
- 
- 

4.19896 

4.92173 

4.04201 

11:02 

7.22 
- 

15.98 I. 486 
0.0 
0.0 

10.0 
iO.O 

0.0 
0.0 

0.0 
0.0 

4i.6 
4.8 

Ll; . c 
4.8  

5-14-68 

2:45 

0.00350 

0.08185 

4.675$ 

11.2813 

4.69932 

4.70045 

!+. 41 272 
- 
- 
- 

4.36646 

4.63346 

4.27715 

4:07 

5 .e8 

11.06 

- 

i.053 

0.0 
0.0 

10.0 
10.0 

0.0 
0.0 

0.C 
0.0 

44.6 
b.3 

45.3 
lr.8 

5-20-69 

12: 30 

3.00950 

3.11795 

4.41$2 

3.35608 

4.4j61i 

L.43380 

4.44541 

4.8364 

4. k934 

4.236; 

4.23274 

4.42003 

3.85644 

12:42 

0.0050 - 

6.9554 
o .6812 

0.0 
0.0 

10.0 
10.0 

0 .0  
0 .0  

0 . 0  
0.0 

56.0 
6.4 

55.5 
6.0 

5 23-53 

3: 55 

0.00950 

0.i1695 

4.63630 

3.85380 

4.67283 

h .6724 6 

4.47043 

4.8493 

4.4959 

4.2171 

4.24624 

h.63527 

3.85770 

4:10 

7.5620 

10.5635 
1.0132 

- 

0.0 
0.0 

io.0 
10.0 

0.0 
0.0 

0.0 
0.0 

58.6 
6.4 

55.5 
6.0 

5-20-69 

4:1> 

0. 00950 

0.09665 

4.63410 

3.55735 

4.67104 

4.66935 

4.46990 

- 

- 
- 

- 

4.63340 

3.85735 

4:20 

7.5620 

10.563 
1.3132 

- 

0.0 
0.0 

10.0 
10.0 

0.0 
0.0 

0.0 
0.0 

58.6 
6.4 

55.5 
6.0 

5-21-6y 

9:05 

0.00950 

0.0563~ 

4.64323 

3.56968 

4.68002 

4.65060 

4.48101 

4.8567 

4.5061 

4.2165 

4.25692 

4.64332 

3.56930 

9: 15 

7.5603 

10.6~86 

- 

0.0176 

0.0 
0.0 

10.0 
10.0 

0.0 
0.0 

0.0 
0.0 

58.1 
6.4 

55.5 
6.0 

5-21-69 

10:oo 

0.00950 

0.03629 

4.639~ 3 

3.87027 

4.67722 

4.67640 

4.43098 

4.8594 

4.5067 

4.2163 

4 25759 

4.63892 

3.37051 

LO:12 

7.5564 

10.61j6 
I.OlY0 

0.0 
0 .0  

10.0 
10.0 

0.0 
0.0 

0.0 
0 . 0 
58.1 

- 

6.4 

55.5 
6.0 

5-21-69 

1:15 

0.00950 

O.OC450 

4.47694 

3.9316 

4.54451 

4.51355 

4.45836 

4.8434 

4.4952 

4.2120 

4.24112 

4.47591 

3.30290 

1:25 

4.5639 
- 

10.5596 
1.0229 

0.0 
0.0 

10.0 
10.0 

0.0 
0.0 

0.0 
0.0 

58.1 
6.1 

55.5 
6.0 

co 
0 



a t e  5-22-60 

9: 'r5 

0. 00900 

0.0173 

5.072i8 

5.86710 

5.16607 

5.16560 

k.53827 

4.m1 

4.5121 

4.1751 

4,28540 

5-07257 

3.w75 

10:05 

14.0865 

16.~273 
1.4942 

0.0 
3.0 

1o.c 
10.C 

0.0 
0.0 

0.0 
0.0 

58.0 
6.4 

>5.5 
6.3 

- 

5-22-69 

11:25 

0 .CGWO 

0.05725 

5 .e7337 

3.86620 

5.16756 

5.16626 

4.53936 

4.9324 

"5135 

4.1755 

4.28535 

5.07318 

3.86667 

11: 35 

14.0875 - 
16.2106 
1.4925 

0.3 
C.O 

10.0 
10.0 

0.0 
0.0 

0.0 
0.3 

56.0 
6.k 

,,.5 
6.2 
i c  

5-22-64 

1:17 

0.00p0 

O . l l ~ C , O  

5.06542 

3.66782 

5.15535 

5.15710 

4.53954 

4.9328 

4.519 

4.1765 

4.385 38 

5 .06542 

3 86784 

1:25 

1?.357i - 
16.i$4 
1.4918 

0.0 
0.0 

10.0 
10.0 

0.c: 
C,0  

C.0 
3.0 

58.1. 
6.4 

25.4 
t.@ 

7-~2-65 

4:@5 

0.0OY30 

G.OC902 

4.81593 

5.956~8 

4. $167 

4.96193 

4.51708 

4.88k6 

4 .:062 

4.1811 

4.27530 

4.81437 

3 95620 

'.: 15 

11.1933 - 
16.2247 
1.5150 

O.C 
3.0 

10.0 
13.C 

c.0 
C.O 

C.O 
0.0 

58.1 
6.4 

55.4. 
0.0 

5-26-69 

12 : 01 

0.0O895 

c.ci642 

5.69625 

3.83283 

5.84771 

5.84830 

4.6i.730 

4.941: 

9.4957 

4.0726 

4.31032 

k.65585 

3 a 83322 

U : l 3  

21.3285 
- 

23.3177 
2.0372 

0.0 
6.0 

1c.o 
13.C 

0.0 
G.O 

0.0 
0.0 

5E. l  
6.L 

55.3 
E l ?  ,., 

5-26-69 

lrl5 

0.W895 

0.3y345 

5.65577 

3 .e3880 

5 .81;995 

3 .A842 

L.62100 

4. 9538 

4.5018 

4. 0770 

4.3508 

5.656~5 

3.83936 

1:30 

21. 3137 - 
23.3179 
2.32369 

0.3 
0.0 

10.3 
l G . 3  

0.0 
0.0 

0.0 
0.0 

56.1 
6.4 

55.4 
5.? 

5-26-69 

3:15 

0.00895 

3.0""-  io r5  

5.32091 

3.98725 

5.6ce07 

5.6@160 

4.58947 

4.9356 

4.4949 

4.083: 

4.30093 

5.32134 

2,. 98926 

3: 30 

18.4127 

23.6104 
2.0927 

- 

0.0 
0.c 

10.3 
10.0 

C.O 
C.0 

0.0 
0.0 

58.0 
6.L 

> > . 4  
5 . 3 

5-27-69 

1l:iO 

0.00945 

3.03945 

5.27146 

3 .  94277 

5.56454 

5.55708 

4.5L929 

4.w35 

4.4589 

4 . O m  

4.25694 

5 27178 

5.34493 

ll:2i 

IS. 4555 

23.5 360 

- 

2 .090 

0 .C 
O.C 

10.0 
iO.C 

0.0 
0.0 

c .3 
0.0 

58.0 
6.4 

55.7 
0.0 

5-27-69 

1:45 

0.00920 

0 . C C P C  

5.2513y 

3 .  $323 

5.55558 

5.54145 

4 .5:L72 

4,50075 

4.4592 

4.0702 

4.26563 

5.25191 

3.963~1 

1:55 

19.4Lg;G 

23.5118 
2.09i7 

- 

0.0 
0.0 

10.0 
10.0 

0.0 
0.0 

0.0 
0.5 

5.5.3 
5.4 

55.7 
6.0 

5-28-69 

y:11 

0 ,00950 

c ,09663 

4.61445 

3.87k30 

4.65053 

4. 6469% 

4.47ic5 

4 .e331 

4 :  .'+9'33 

4.2154 

4.25313 

4.61555 

: . 5 7 8 2  

9: 30 

7 4767 

io. 6360 
1.0216 

- 

G.0 
0.0 

13.0 
10.0 

c.3 
0.9 

0.0 
0.5 

58,0 
6.4 

55.7 
6.0 

5-29-69 

11: 50 

C.00~50 

0.2@30 

4.554 59 

3.878Fi 

4. :.4622 

4.58102 

ic. 46870 

4.83E4 

1:. 5024 

L.2269 

4.2526L 

4.55466 

3.87902 

12:CG 

0*0 
0.0 

10.6317 
1.0260 

0.0 
0.0 

10.0 
I0.6 

C.0 
C.0 

6.0 
0.5 

58.3 
6.4 

55.7 
6.0 



~ ~~ 

Run Eo. + 3-R ;-s 3-T 4 -A l-B 4 -c 'I-D $-E 4-F 4-0 4-H 

m - t e  

Time Begin 

3ial Zero ( i n . )  

>ial E..eading ( i n . )  

E 1 (w)  

Tc 2 (mv) 

Tc 3 (m! 

Tc L; (m: 

T; 5 (mj 

T 6 (mv) 

E 7 (m: 

Tc 8 (m) 

!E 9 (m) 

I\: 1 ( f i n a l )  

E 2 (firm:) 

Time B i n - s h  

5 -iP-69 

- 
o.Ooy~0 

0.10020 

4.46714 

3. 87626 
- 
- 
- 
- 
- 
- 
- 

4.46714 

3 .a7526 

- 

0.0 
0.0 

- 
- 

0.0 
0.0 

10.0 
iO.0 

0.0 
0.0 

0.0 
0.0 

58.0 
5.4 

55.7 
6.0 

5 -29-69 

9: 45 

0.00950 

o.ioo50 

4.44505 

3.87370 

4.41243 

4.46458 

4.35515 

4.6567 

4.4249 

4.1y10 

4.18170 

4.44514 

3.87349 

i0:05 

0.0 
0.0 

10.6699 
1 . 0 3 9  

0.0 
0.0 

- 
- 

0.0 
0.0 

0.3 
0.0 

53.0 
6. I+ 

55.6 
6.0 

5-29-69 

;:20 

0.00950 

0.10251 

4.25602 

3.87468 

4.24505 

4.261 54 

4.299$4 

4.5820 

4.3970 

4.1883 

4.14887 

L.25888 

3.87704 

3: 33 

0.0 
0.0 

6.9100 
0.6854 

0.0 
0.0 

- 
- 

0.0 
0.0 

0.0 
9.0 

58.0 
6.4 

jg.6 
6.0 

6-16-69 

3:40 

0.07605 

0,1~,a00  

2.85182 

0.53666 

:'.89?15 

2.89517 

0.64295 

0.47b8 

0.4484 

0.3714 

0.58747 

2.65167 

0.536-1 

3: 50 

15.0712 
- 

13.95iO 
i. 5564 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

6-17-69 

9: 110 

0.0760'1 

0.08408 

2.85970 

0.53118 

2.90084 

2.90054 

0.6348" 

0.1.645 

0.4386 

0.3633 

0.579b9 

2.859'13 

0.53072 

9: 55 

: 5 .u:03 

-3.9445 

- 

1.5542 

0 .0  
0.0 

0.0 
0.0 

0.3  
0.0 

0.0 
0 . 0 

0.0 
0.0 

0.0 
0.0 

6-7 7-69 

?: i s  
0.0.~605 

0.07605 

2.27650 

0.60451 

2.38276 

2.38000 

0.58655 

0.4362 

0.4188 

0.3574 

0.56751 

2.2-379 

0 . 6 ~ 3 3 0  

3:50 

12.2091 

3.89~0 

- 

1.6368 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0 . 0 
0.0 

0.0 
O . C  

6-24-69 

3: 45 

0.076jo 

0.12088 

i. 98446 

0.42 j29 

1.98752 

1.98796 

0.45202 

0.3567 

9.3578 

0 . 3 1 7  

0.43198 

1.93557 

0.4231; 

4:00 

10.2909 
- 

8.9272 
1.1078 

0.0 
0.0 

0.0 
0.0 

0 . 0 
0.0 

0 .0  
0.0 

0.0 
0.0 

c.': 
6 . 3  

625-69 

8: 3> 

0.07130 

0.08L7'1 

1.99560 

0.42756 

1 .9%85 

1.99757 

0.45 157 

0.3541 

0 . 3 4 9  

0.3088 

0.43507 

99570 

0.42716 

8: 45 

LO. 2909 
- 

8.9297 
1.1063 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
3.0 

c-25-69 

3:05 

0.0761'5 

0.07665 

1.50110 

0.44636 

1.53108 

1.53098 

0.4>,4'(3 

3 .34i1 

0.3419 

0.3087 

0.43708 

1.50063 

0.44627 

3:15 

8.3677 - 

a .  8922 
1.1732 

0.0 
0.0 

0 . 0 
0.0 

0.0 
0.0 

0 . 0 
3 . c> 

3.0 
0.0 

0 .3  
0 .2  

6-27-69 

1:15 

0.07660 

0.11g20 

2.02568 

0.52970 

2.02821 

2.02843 

0.54016 

0.4259 

0.k3j2 

0.3933 

0.52599 

2.02634 

0 . 5 2 3 2 ~  

: :30 

10.3345 
- 

8.940; 
1.1036 

5 .6 
2.6 

0.0 
0.0 

0.0 
0.0 

0.0 
0 . 0 
0.0 
0.0 

0.0 
0 . 0 

6-27-63 

3:25 

6.0i660 

0.0'870 

2.03860 

0.52551 

2.33952 

2.34102 

0.53558 

0.4i66 

0.11262 

0.3870 

0.52172 

2.05908 

0.52505 

3:k5 

10.3265 
- 

9.9460 
1.1026 

5.6 
2.6 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0 . 0 
0 .0  

0.0 
0.0 



5-15-65 5-15-68 

1c:cq ;1:15 

0.0015~1 0 . ~ ~ 1 5 0  

o .o j c8  3.~2135 

4.46667 4.488898 

,/ 

4.469l.e 4.49654 

4.490(; 4.5166 

4.4899 4.5162 

4.4684 & .4922 

- - 
- - 
- - 

4.46867 4.4639 

4.46660 4.47511. 

4.47327 4.4579 

11:37 12:30 

3.58 3.?0 - - 
11.00 11-00 
1.67 1.0G 

0.0 C.O 
0 .0 0.0 

10.0 10.0 
10.0 IC,0 

0.0 0.0 
0.0 0.c 

0.C O.C 
0.0 O.C 

44.5 44.5 
4.e 4.6 

4 5 . 1  1.5.1 
4.8 4.8 

5-15-58 

1: 25 

o.s51;0 

0 * 04092 

4.48682 

4.4475 3 

4.5072 

4.5072 

L.4658 

- 
- 
- 

4.4606 

4.4869 

4.4476: 

1: 35 

3.Q - 
11.m 
1.066 

0.0 
c.0 

10.0 
10.0 

0.0 
0.0 

0.0 
0.0 

44.6 
L . 8  

45.2 
L.8 

5-15-68 

2: 33 

0.00153 

.08040 

4.49993 

4.43296 

4.5172 

4. ;le1 

4.4644 

- 
- 
- 

'i.4559 

4.4992c 

4.43255 

2: 50 

4.09 - 

11 .0C 
i.065 

0,o 
0 . C  

10 .o 
13.0 

C.0 
3.2  

C.0 
0 , O  

44.6 
;I .8 

$5.2 
4.8 

5-15-68 

::e5 

c.oc15c 

L'.11%4 

4.50992 

4.42322 

4 . 5 2 9  

4.5264 

4.4649 

- 
- 
- 

4.4536 

4.50952 

4.42278 

?:40 

I + .  30 - 
II .00 
i ,064 

0.0 
0.0 

10.0 
10.0 

0 .0 
5.0 

0.0 
c.5 

44 '6 
4..8 

45.2 
4.8 

5-15-66 

4 : l Z  

O.CCl50 

c.0c540 

4.45916 

4 .46272 

4.4835 

4, 

4.46c.1 

- 
- 
- 

4.4596 

I:. 4 5946 

L ,46265 

4: 36 

3.53 - 
11.0" 
1 .e67 

0.0 
0.c 

10.0 
i0.0 

C.C 
0.0 

C.0 
c.0 

44.6 
4.8 

45.2 
4.8 

5-16-58 

:s:e7 

3.30155 

0.00544 

4.43062 

4.4@14 

4.5136 

4.5154 

4.4943 

- 
- 
- 

4.4355 

4.48793 

4.49756 

10: 50 

3.61 - 
11.03 
1.064 

0.0 
0.0 

10.0 
10.0 

0.3 
010 

0.0 
C.O 

44.6 
4.8 

4c I , .> 
:i .6 

5-16-68 

11:1: 

c . m i 5 0  

G.00741 

L .it8898 

4.43654 

4 .5166 

6.5162 

4.492 

- 
- 

- 

4.4926 

1:. 48643 

4.45626 

11: j0 

y .71 - 

11.30 
1 .S6h 

0.0 
0.c 

10.0 
10.9 

pu .o 
0.0 

C.O 
, .2 

44.6 
4.8 

45.2 
4.8 

5-16-68 

1 2 : k  

0.CIOi5~0 

0.00938 

4.49331 

4. i+934G 

k.5197 

4.519: 

4. 4910 

- 
- 
- 

4.4914 

4.49118 

4. 49395 

1:00 

3.75 - 
11 .GO 
1.064 

c.0 
c.0 

iD.0 
10.0 

0.0 
0.0 

0.C 
O.C 

k4.0 
4.6 

45.2 
4.a 

5-16-6s 

1:36 

c*oc1;c 

9.01~39 

4.49150 

4.491l2 

4.5216 

4. j2113 

4.4938 

- 
- 
- 

1.4* 

h ,4938 

4.4w91 

1:55 

3.79 - 

11.00 
1.364 

0.0 
0.0 

i0.0 
10,s 

0.0 
0.0 

C.0 
o..: 

44.5 
4.9 

45.1 
4.9 

5-16-66 

g:00 

3.05153 

e. 02120 
4.4996 

4.48580 

L.5232 

4.5231 

4.4pO; 

- 
- 

- 

4.4867 

L . 4984 

4.4e534 

3:1? 

3.80 - 

11-m 
1 .&4 

CI.0 
0 .c 

lG.O 
10.0 

0.0 
3.0 

2.5 
0.0 

44.5 
4.8 

45.1 
4 .R 

m 
W 
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,Table 3-11. &perimzri te l  zeta fcr fpI'S using Apparatus 111-E 

Run NO. -+ 1 -A 1-3 1-c 1-3 1 -E l-F 1 -G i -iI 1-1 1-J 1 -x 1 -L i -M 1 -N 

-ate 7-16-68 

Tine %gun 10:10 

Dial Zerc ( in . )  ~.CCLOG 

Dial Fteading ( i n . )  o.c0:6c 

4.4224 

1;. 3036 

4.52Lb 

k.5250 

4.5ci3 

4.639 

4.585 

4.409 

4.4126 

4. k210 

4.3024 

10:25 

4 *a0 

1,7.56 
1.692 

- 

0.0 
0.c 

9.2 
5 .3 

4.0 
2.2 

3.7 
3.1 

54.8 
6.0 

53.6 
5.3. 

7-16-56 

11: 10 

c.ffi430 

0.00794 

4.4270 

4.2995 

L.5289 

4. j299 

k,5008 

- 
- 
- 

4.4117 

4.4266 

4.2986 

11:25 

!k . 33 

17.56 
1.692 

- 

0.0 
0.G 

9.2 
5 .@ 

4 .c 
2 .2  

3.; 
2 .1  

54.8 
6 . c  

53.6 
:.e 

7-18-68 7-16-53 

1 2 2 5  i:40 

G.0c4lx) C.rn400 

c,oogg; ~ . 0 1 1 8 8  

4.4323 4.4374 

4.2974 4.2953 

4.5353 4.5407 

4.5357 4.5407 

4.5020 b.5030 

4.637 - 
4 * 583 
L . 406 - 

- 

4.4125 4.41305 

4.4323 4.4375 

4.2970 4.2953 

~ : 4 @  1:55 

4.73 L . 9  

17.56 17.60 
1.690 1.650 

0.0 0.0 
0.0 0 * 0  

9.2 9.2 
5 .0 5.0 

4.0 k.0 
2.2 2 .2  

3 .'I 3.7 
2 .I 2,i 

54.8 54.8 
6.0 6.0 

- - 

53.6 53,6 
5.8 5.8 

7-16-68 

2:45 

0 * co40c 

o.clgE2 

4.4459 

4.2941 

4.5452 

4.5497 

4.5062 

4.637 

4.583 

4.405 

4.4156 

4.4470 

s.2947 

3:01 

5.20 

17.50 
1.689 

0.0 
0.0 

9.2 
5.0 

4.0 
2.2 

3.7 
2 . 1  

- 

54.8 
6.0 

53.6 
5.3 

7-16-63 

3: 55 

0 . 0O400 
0.02370 

4.4585 

4.2933 

4.5621 

1;. 5619 

4.5102 

4.637 

4.583 

4.405 

4.4184 

4.4588 

4.2935 

4: 03 

5.64 

1.668 

- 
L7.58 

0.0 
0.0 

9.2 
5 .O 

4 .o 
2.2 

3.7 
2.1  

54.8 
6.0 

53.6 
5 .e 

7-17-68 

9:15 

0.oio0 

c.031:o 

4 .4795 

4.5004 

4.58:: 

I. .5d; i  

k .5232 

4.650 

4.597 

4.416 

4.4308 

4.47% 

4.3006 

9: 30 

5.92 - 
i7.60 
i .685 

0.0 
3.0 

9.2 
5 .c 

4 .c 
2.2 

3.7 
2 .1  

54.8 
6.0 

53.6 
5 .a 

7-17-68 

13: 5c 

0 .  aX4GO 

0.043j7 

4.4847 

4.3019 

4.5880 

4.5869 

4.5258 

4.651 

4 . 5 9  

4.416 

4.4329 

4.4843 

4. 3018 

11:oo 

6.13 

17.58 
1. 686 

0.0 
0.0 

- 

9 .2  
5.0 

k.0 
2.2 

3.7 
2.: 

54.. a 
6.0 

53.7 
5.8 

7-17-68 

i2:17 

0. Q40C 

0.06310 

4.5054 

4.2330 

4.6350 

4.6054 

4.530) 

4.653 

4 . 5 8  

4&:3 

4,4354 

4.5042 

4.2931 

12:40 

6.63 

17.60 
1.685 

0.3 
0.0 

9.1: 
5 * O  

'k.0 
2 .2  

3.7 
2 .1  

54 .8 
6.c. 

53.7 
5.8 

7-17-68 

2:25 

0.00400 

0.12212 

4.5707 

4 2775 

4.66% 

4.6y1'i 

4.5502 

4.662 

4,604 

4.414 

4.4481 

4.5722 

4.2802 

2:50 

8.3: 
- 

i7.60 
1.678 

O.C 
0.c 

9.0 
5 .c 
4 .e 
2.2 

3.7 
2.1  

54.8 
6.0 

53.7 
5.8 

7-17-68 

3:57 

0.00400 

o .e2370 

4.4734 

4. ?oak 

4.5756 

4.5740 

4.5252 

4,654 

4.6W 

4.417 

4.4333 

4,4722 

4.3074 

4::0 

5.63 

17.62 
- 

1. b80 

0.0 
0.0 

9.0 
5.c 

4.0 
2.2 

3.7 
2 .1  

54.8 
6.0 

53.7 
5.3 

-*-1&-68 

8: j G  

c ,004m 

0 .02375 

4.4bT: 

4.2983 

4.7676 

4.568s 

4.5164 

4.644 

4.593 

4.414 

4.4247 

4.4674 

4 . 2 9 2  

8:43 

5.63 

1.689 

- 
17.62 

0.0 
0.0 

9.0 
5 -0 

L.O 
2.2 

3.1 
2.: 

54.8 
6.3 

53.7 
5.8 

7-18-60 

10:25 

0. m4c0 

0.02755 

4.4712 

4 . 2 9 8  

4,538 

1.5728 

4.5181 

4.646 

4.594 

4.4:4 

4.4262 

4.4714 

4 . 2 9 7  

10: 35 

5.73 

17.60 
i .609 

0.0 
0.0 

- 

9.0 
5.0 

4 , G  
2.2 

1'~7 
2.1 

5k.8 
6.c 

53.7 
5.8 

7-16-68 

12: 42 

0.00400 

0.00560 

4.4219 

4.3039 

4.5234 

4.5236 

4.5012 

4.637 

4.585 

4.409 

4.4126 

4.4216 

4.3036 

12:52 

3.96 

17.60 

- 

1.694 

0.0 
0.0 

9.0 
5 -0  

- - 
- 
- - 
- 
- 



Table 3-L; (Continued) 

Run Xo. -t 1-0 2 -A 2 -B 2-c 2-D 2-E 2-F 2-C  2-H 3 -fi 3-B 3-c 3-3 ?-E 

Z n K e  7-15-69 

'2 ime  Begun 2:05 

Dla; Zero ( in . )  0.00400 

Dial Reading (x.) 0.00800 

n: 1 (mv) 4.4257 

TC 2 (mv) G.2987 

TC 3 (mv) 4.5277 

T€ 4 ( m y )  k.5277 

Tc 5 (..! 4. 5005 

TC 6 (mv) 4.635 

n: 7 (mv) 4.584 

8 (mv) 4.407 

i'c 9 (mv) 4 . 4 ~ 1 0  

!?2 I (f:ml) 1.4256 

2 (Tina,) 4.2986 

Time F i n i s h  2:15 

:Is (v) 0.0 
(a ) 0.0 

XR 1 ( v )  9.0 
ia! 5 .O 

:m 2 (v: 4.0 
(a! 2.2 

I F  2 (v) 51.1 
(a ) 5.3 

7-rg-68 7-19-68 7-19-66 7-19-68 

10:55 l2:35 1:50 2:55 

0.00360 0.00380 0.09380 0.00380 

0.00538 0.00771, 0.00971 o .o i i68  

2.5149 2.5217 2.5268 2.5507 

2.1157 2.4164 2.4162 2.1152 

2.5980 2.6050 2.6097 2.6142 

2.5984 2.6050 2.6099 2.6142 

2.5j08 2.5339 2.5363 2.5380 

2.6;~ 2.61i  2.619 2.618 

2.503 2.603 2.606 2.605 

2.472 2.47$ 2.473 2.473 

2.4744 2.4766 2.&785 2.4745 

2.5i54 2.5219 2.5269 2.5310 

2.11161 2.4164 2.M2 2.4155 

ll:15 i2:50 2:05 3:::o 

6.12 6.28 2.32 6.44 

15.96 15.96 ~ 5 . 9 6  ~ 5 . 9 5  

- - - - 

1.636 1.836 1.835 L.e34 

0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 

9.2 9.2 9.2 9.2 
5 .O 5.0 5 .O 5.0 

5.0 5 .O 5-0 5 -0 
2.9 2.9 2.9 2.9 

6 .8 6.6 6.6 6.8 
4 .2  4.2 4.2 i.1 

36.; 36.1 16.1 36.- 
3.8 3.8 3.8 3.8 

35.5 ?5.5 35.5 35.5 
3.8 1.8 3.9 .a 

7-1 9-68 7-22-68 7-22-66 7-22-68 7-24-68 7-25-68 7-26-68 7-29-68 7-30-68 

4:OO 

0.00380 

0.01562 

2.5381 

2.4139 

2 . 6 2 i j  

2.6214 

2.5404 

2.618 

2.606 

9: 45 

0.30380 

0.01565 

2.5426 

2.4178 

2.6253 

2.6253 

2.5445 

2.625 

2.61.j 

2:05 

0.00383 

0.02350 

2.5562 

2.4140 

2.6391 

2.6j86 

2.5493 

2.626 

2.6Lj 

3: 30 

3.00360 

0.03132 

2.5695 

2.41-2 

2.6527 

2.65-6 

2.5536 

2.628 

2.614 

10: 30 

0.00380 

0.06611 

0.8i66 

0 .7568 

0.8479 

0.6486 

0.8041 

0.894 

0.568 

9:05 

0.00380 

0.13677 

0. Skog 

0.7565 

0.6704 

0.8714 

0.8L72 

0.903 

0.892 

9: 20 

0.00380 

0.04800 

0.8175 

0.769: 

0.5473 

0 .b477 

0.8117 

0.938 

0.902 

10: 30 

3.00330 

0.031 92 

0.8129 

0.7740 

0.8423 

0 .  a122 

3.6131 

0.915 

0.938 

9: 35 

0.00380 

0.0463 

0.8383 

0.7655 

0.8665 

0 . 6 6 7 ~  

0.8210 

0.935 

0.9031 

2.463 2vk83 2.480 0.850 0.849 0.865 0.669 0.863 

2.4812 2.4851 2 . 4 8 8  2.4910 0.7306 0.7904 0.7886 0.7905 0.7954 

2.5365 2.5427 2.5566 2.5697 3.8157 0.%+09 0.3172 0.8123 0.6385 

2.41J+~ 2.4183 2.4144 2.4113 0 . 3 6 8  0.7565 0.7639 0.7755 0.7659 

4:15 10:08 2 : 2 0  - 10:45 9:2O 9: 35 10:50 9:45 

3.80 4 . h  6-55 6.56 6.85 7.15 4.38 4.92 3.96 

15.96 15.96 ~ 5 . 9 4  15.94 9.50 9.52 9.49 9.47 9.46 
1.852 1.83; 1.829 1.826 1.399 1.3% 1.3% 1.396 1.389 

0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

- - - - - - - - - 

9.2 9.2 9.2 9.2 5.8 5.6 5 .b 5 .8 5.6 
5 .@ 5.0 5 .O 5 -0  3.2 3.2 3 -2 3.2 3.2 

5.0 5 -0 5 .O 5 -0 2-9 3.3 3.0 3.1 3.3 
2.9 2.9 2.9 2.9 1.i 1 .5  1 .5  1.6 1.7 

6 . 8  6 . 8  6.8 6.E 2 .3  2 .3  2.3 2.3 2.4 
4 . 1  k .1  i.l 4.1 1.0 1.1 1.1 1.1 1.1 

36.1 36.2 36.1 36.1 19.0 L9.0 19.0 19.0 i ' , .J 
3 .8  j .8 3.8 3.6 2 .0  2.0 2.0 2.0 2.0 

3 .3  ? .8 3.8 3 . 9  2.0 2.0 2.0 2.0 2.0 
35.5 35.6 35.6 35.6 19.2 19.0 19.0 19.0 19.0 
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1. -A 

1.-R 

1 -c 
1-I) 
1-13 

I.-F 

1 -G 

1 -H 

3.- r 
I.-,J 

2-A 
'.-I-B 

2-C 
?-.D 

2 .- j: 

2 - F  

:-PA 

7-13 

2-c, 

3-u 
7-p: 

'i -1 

3-G 

,<- ii 
;-I 

3-J 
3-K 
7-L 
3-M 
3-N 

3-0 

4-A 
h-13 

4-c 
4-D 
I1  - 3; 

4-F 

5 -A 
5-i? 
5-c 

J - D  

0. .-j80:, 

D.3!L 70 
0.2020 

0 .  i 258 

0. 0506 

0.0251 

0.0891 
o .1.6J+1 
0.2600 

0. c1 30 

0.01.20 

0.0519 

0.060'j 

0 . 2:133 
0.2886 

:I. 3491 

9.381.5 
0. $5'1 
0. j0':8 
9.27.55 

9.2227 

0 .I 722 

0 

0 * 0 ' / 0 ~  

0.0196 
0 * 045 1 
0.0953 

9.1465 
0.1?80 

0.2495 
0.3305 

0.0831 
0. C&24 
0 .0.j22 

0.01.38 

0.0612 

0.3804 
0.3297 
0.2'782 
0.2275 

0.0405 

30: .8 
306.2 

306 . 0 
207.4 

:wi. 3 
?,07.5 
306.7 
306.4 
306.4 
306.9 

310.0 

.:og.r 
308.5 

307.6 
30'1.6 

:07. 1 

544.6 
5'$5, 3 

5195.2 

$6.0 

546.2 
5 4 6 . ~  
546.2 
546.0 
546.2 

544.3 
545.4 
5'+5 " 3 
544.8 
546.5 

544.8 
544.2 
544,9 
545.7 
545.3 

5115 .I 

545 0 

1.96.3 
196.7 
I.Vh.F( 

198.6 

17.60 

1 0.6.3 

7.97 
5 . 77 
Fj .I19 
6. '(8 
9.1.8 
I:?. 37 
4.78 

14. 80 

5.81 
6.40 
1.1.36 
13.52 

15.43 

1 it 1.6 
1.3 .$I. 

1.2.2h 

11-17 

19.00 

8.82 
'7.58 
6.64 
4.89 

1.4.57 

5.69 

7-15 
8.013 
3. .34 
10.59 
1%. 38 

6.75 

5-29 
4.64 
5.51 
6.07 

16.94 
3.5 .1.5 
12.85 

11.20 

-0.011 

0.03 

0 . w  

0 , J . b  

9.U 

0.16 

0.18 
0J2 

0.95 

G.13 

0 * 1'1 

0.19 

0.15 

0.35 

0.0.3 

9.02 

a. 01 
a . !I1 

<0 .91 

<co . 01. 

<o . 01 
a. 01 
c0 "01 

<o .31. 

c0 .01 

<0 .O1 

<o. 01 
<0.07 

10.01 

<c. 01 

a. 01 

<0 .01 

<0. 01 

40.01 

<0 .01 

a. 01. 
<0.01 

0.04 
0.65 

0.08 

0.08 

1.011 

0.982 

3 .  yr'j 
0.975 
O . Y ' j 2  

0. 937 
0 . 9 1  

0.969 
0.s"h 

0.399 

0.999 
0.933 

9.991 
9. $31 

9" g8;L 
Q . IjR6 

1. . 0!X 

1. .cc3 

I. .om 
1 .00c 

1.000 

I.. DO0 

1 .coo 
I. 000 

1.000 

1. COO 

1 .000 

I. . OGO 
1.000 

I. . 000 
1.000 

1 .GGO 

1.000 

1 .003 

1.000 

1.. 000 

1 .coo 

0.974 

0.973 
0.Y67 
0.972 

0.128 

0.125 

0 "12L 
0.125 

3.139 

9.133 

0.124 

0.130 

0 .I30 

0.13: 

0.1.35 
0,133 

0.1.30 

0.129 

0.1.28 

0.18 

0.129 

C.128 

0.128 
0.129 

0 . I m  
0.128 

0.329 

9.129 

0.1.29 
0.12;g 

0.128 
0.130 

0.130 

0.13G 

!,.130 

0.130 

0.133 
0.1 30 

0 .1.31 

0.1.31 

0.131 

0 .l'p 
0.172 

0.172 

0.173 



T8bl.e B - l h  (cont inued)  

.................. . ........... ~ - .............. __. 
-..- Specimen . ............ Therrral 
Thickness,  'Temperature. ' i 'emerature Guard 

Run cx T? Drop, LYI Fact o r ,  
No. y P  G 
__ lc.?!). ....... I . . ! U . G Z  ..... ......... 

5 - E  

5-F 

5 -G 
5-H 

j-I 

5-J 

5 -K 
5 -L 

5 -M 
i, -N 

ii -A 
6-B 
6-C 

6-n 
6-F 
6-F 
6-G 

6-a 
6- I 
6 4  

7 -A 

7-B 

7-C 

7 -D 
7-6 

7-F 

7-G 
7- H 
7-1 

7-5 
-7 -K 

/ -L 

.(-M 
7 - N  

7-0 
7-P 

8 -A 
8-B 
8-C 
8-D 
8-E 

8 -F 

0.1769 
0.1262 
0.1262 

0.0756 
0.0251 

c.0136 
G.GOj? 

0 * coo0 
0.0502 

0.191c 

0. 3aac 
0.:,372 

0.2865 
0.2:,53 

0.1853 
0.1~3G 

0.0838 
0.032'4 

0.0070 

0.0198 

0.3041 
0.2535 
0.2000 

0.1515 

0.1003 

0.0504 
0.0251 

0.012lt 

0.0379 
0.0762 
0.1260 

0 .1767 
0. ma0 

0.2784 

0 * 3295 
0 .oooo 

0 .;le69 
0.1274 
0.0254 
0.0000 

0.0772 

0.1282 

198.1 

197.4 
197.: 
195.9 
195.8 
196.2 
196.1 
196.0 

197.5 

195.9 

216.3 
276.2 

276.3 
278.1 
278.0 

2'17.9 

277.5 
277.7 
277.5 
277 .0 

5119.1 
549.0 
549.1 
549.5 
549.8 

549.h 
549.6 
549. 't 

549.5 
549.8 
549.4 
549.0 
549.4 
549.9 
51L9.7 

285.2 
281;. j 

285.0 

549.8 

285.0 
285.0 

28L. 3 

9.46 

7.61 

7.57 
5.83 
3.98 

3 - 5 1  
3.24 

3.11 
L.87 

6.58 

13.27 
11.96 
10.!~5 

9.74 
-/. 95 

5 .78 
6.58 

3.82 

3.07 

3.35 

11.34 
10.28 

9.29 
8.33 
7.11 
5.84 
5.04 
4.56 

6.33 

7.29 
8.38 

9.67 
10.9li 

12.02 

4.07 

5.41 

8-95 
6.43 
3.59 
2.85 
5 .oo 
6.30 

0.09 

0.11 

0.12 
0.11 

0.17 

0.15 

0.16 
0.1 5 
3.14 

3.14 

<o .01 
<3.91 

a. 31 
<0 . 01 
<0.01 
<0.31 

<0.01 

<0.31 

<0.31 

<o .31 

<0. 01 

<0. 31 

<o .01 
a. 01 
<0 .a1 

<0. 01 

<o. 01 
<0.01 

<o . 01 
<0.01 

10.01 

<o .01 
<o .31 

<o .01 

a . 0 1  

(0.01 

co.01 

<0.01 

<0.01 

<o .01 
<0.01 

<0. 01 

0.9:: 
0.983 

3.982 
'3.992 
'3. yg8 
1. 03CI 

1.339 

: ,330 

0.995 
0.936 

1.00c 

1. c0c 

1 .roc 

1 .I333 

1 .300 

1.000 

1 .00c 

1.000 

1.500 

1.000 

1 .3oc 
1 . 03'3 

1.333 

1.003 

1.003 

1 * '330 

1.333 

I. 033 

1.300 

1.000 

1.003 

1. GOO 

1.000 

1.000 

1.000 

1 .ooo 

1.000 

1.000 

1.000 

1.000 

1.000 

1 .000 

3.17'. 

o .  ;76 
0.175 

c;.;?a 
C.179 

2.179 

'3.179 

3.17.Q 

3. l ' (8 

9. l i 'b 

0.152 

0.132 

0.132 

0.132 

0.132 
3.132 

O . l j 2  

0.132 
3 . l j 2  

0.132 

c .127 
c .11? 

0.127 

0.127 

S .127 
c .127 
0.127 

c.127 

0.127 

c .12? 

0.127 

0.127 
0.127 

0.127 

0.127 

0.12-7 

0.131 

0.131 

0.131 

0.131 

0.131 

0.3.31 

5$.'+ 
I + -  .> 
'?<: 

12 . F 

19.6 

18.1 

1T.k 

27.1 

: i . - t  

22. C' 

1 , '. 
YJ 5 
79.1 
64.8 
60.1 
49.7 
;9.9 
28.8 
27.1 

25.5  

89.3 
80.; 

65.1. 

55.8 

7-  1 
1 . 2 . -  

L5.8 

3'9.5 
:,?.a 
;*2. I+ 

, "  

57.1 
65.6 

75.7 

3'1. !I 

32.0 

68.0 
43.8 
27.2 

21.5 

37.9 
! , 7 .  7 

85.9 



Table €3-14 (continued) 

T Drop, m Fact o r ,  Factor,  
G F (U cm-" ) 3% 

N m  Ax 
No. 

( "C)  cm ( "C )  ("C cm2 Gs1) 

9 4  
9-3 

9-c 

9-n 
9-E 

10-A 

1.0-3 

LO-C 

10-u 

10-E 

1.0-E 

10-c: 

10-11 

10-I 

1 ~ 0 4  

3.0-E: 

1 1 4  

1.1.-B 

1.14 

11-U 

I1 -E 

1.1 -F 

1 I - G  

11.-II 

11-1: 

1 I--J 

11-K 

11 -L 

11 -M 

11-N 

1.1-0 

11-P 

SI -Q 
1 l - R  
U - S  

11 -T 

11-u 

11-v 

11-w 

11 -x 
11-Y 

0.1.232 

0.072h 

0 .oh69 
0 .l121~8 
0.0000 

0.101~4 
0.1776 

0.2285 

0.2793 
0.3300 
0.380'7 
0.0875 
0.0228 
0.01 29 

0.0:+6 

0.0604 

0. 3051. 

0.297!) 

0.2900 

0.2825 
0.2745 
0.269 

0.2465 
0.2210 

0 .%GOO 

0.2540 

0.1850 

0.1700 

0.1550 

0.1400 

0 -K30 

0 -1100 

0 . 0 9 9  
0.0')2!2 

0. 0,795 
0.0683 

0 .0581 
0.0484 
0.0389 
0.0298 
0.0186 

1-99.7 
199.7 
199.4 
198.7 
198.9 

199.: 
19'3.0 

1 g? . 7  
199.2 
198.7 

2.99-3 
198.6 

199.0 
198.8 
193.5 

199.0 

350.2 

550.0 
550.2 

'550.0 

550.1 

550.0 

550.0 
550.2 
550.2 
550.5 
550.7 
551.0 
550..( 

550.1. 
550.5 
550.3 
553.4 
553.5 
553.4 
553.5 
553.6 
553.8 
553.6 
553.3 
553.4 

'7.55 
5.76 
4.8;' 

3.89 
3.10 

6.62 
9.46 

1.1.. 49 

15.09 
16 .'[5 
6.18 
4.00 
3.55 
4.31 
5.25 

1.1.44 

13.08 

11.36 

10.61 
1.0.42 
10.:y 

10.26 

9.95 
9-34 

10.87 

9.08 
8.80 
8.61 
8. J+2 
3.26 

8.09 
7.84 
7.13 
6.80 
6.52 
6.26 
6.02 
5.76 
5.55 
5 -32 
4.66 

0.06 

0.08 

0.08 

0.11 

0.12 

0.12 

0.0'7 

0.0j  

0.06 
0. 011 

0.03 
0.11 

0.05 

0.12 

0.11 

0.10 

i o .  01. 
<0 .0L 

10. 31 

40.01 

10.01 

<o . 01 
<o .01 
<0 . 91 
<0 .O1 

<o. 01 

10.01 

<0 .01 

<o .01 
a.01 

a.01 

<0 I01 

a. 91 
CO.01 

<o .01 
<0. 01 

<o . O 1  

4 . 0 1  

CO.01 

a. 01 

10 101 

1 .000 

1.003 

1.000 

1 . 000 
1.003 

0. $37 

0 . w  
o .981 
0.9F 

0 .977 
0.979 
0.330 

1 .000 

L " 003 
1 .000 

0.995 

1.000 

I .000 
1.000 

1 .000 

1 1000 

I .000 

1.000 

7 .000 

1.000 

1.000 

1 .000 

1.000 
1 .ooo 
1.000 

1.000 

1.000 

1.000 
1 .GO0 
1 .000 
I. 000 

1.000 

1 .000 

1.900 

1.000 

1.000 

0 .l.'T/ 
0.l"T-i 

0.177 

0.1 7'7 

0 .1'T/ 

0.174 
0.1'93 

0.173 

0.171 

0.172 

0 .172 

0.175 

0.177 
0.177 

0.174 

0 .!~76 

3.128 

o I ].:.a 
0.128 

0.128 

0.129 

0.1.28 
0,128 

3.1228 

0.1213 

0 I128 

0.128 

0.128 
0.l2.7 

0.127 

0.127 
0.127 
0.127 

0.127 
0.12-[ 

0.137 

0.127 

0.127 

0 -1.27 
0.127 

0.12'7 

42.7 

?2. j 

27.2 

22.0 

1 7 . ' )  

89.2 
C8.8 
8Jc.8 
82.9 
81.4 
80.5 

R0.O 

78.0 

73-6  
71 0 1 

68.8 
67.5 
66.0 
5b.y 
63.3 
61.3 
56 .!I 
5.3.5 
51.2 

4 7  . 3 
le5 .% 

43.7 

36.5 

49.2 

41 . '7 
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Table  B-lL ( c o n t i n u e d )  

.. 
I I -z 
11-AA 

11-BE 

11-cc 

12-A 

1 ~ 7 - E  

12-c 

1 2 - D  

1 2 - E  

12-F 

12-G 

1%-H 

12-1 

12-J 

1 2 - K  

12-L 

12-I4 

1 2 - N  

12-0 

12-P 
12 -Q 

12-R 

12-s 

12-T 

C.Cl>O 

c.0105 

0.005: 
0.0000 

0.02'32 

0.0403 
0. c;00 

0.0601 
0.0701 
0.3830 

0.0903 
0.1ooc 

0.1100 

0.1249 
0.1402 
0.1551 
c .1698 
0.1875 
0.2000 

0.2160 

0.240O 

0.2600 

c .2800 

0 .  ?COC 

55z.2 
553.6 
553.5 
553.4 

553.1 
553.1 
553.1 

553.1 
552.2 
554.1 
554.0 
554.0 
554.0 
553.9 
553.9 
553.8 
555.9 
553.8 
553.8 
55?.6 
552.6 
553.8 
553.8 
55:,.8 

4.56 
4.47 
".19 
b.09 

4.80 
5 , k i  
5.69 
5.88 

6.38 
6.52 
6 - 5 9  
6.71 
6.85 
6.94 
7.11 

6 .14  

7.41 
7.55 
'7.72 

8.05 

9.41 

9.72 
1 o . 28 

8.49 

<0 .01 
<o .a1 
a.31 

<0 . 01 

<c.01 
<0.01 

<0.01 

<0 .01 

<0 . O 1  

a . 0 1  

a.01 

<@.01 

<0 .01 

<o .01 
co.01 

<o .01 
<o. 01 
<O. 31 

<o. 01 

<o.c1 
<c.c1 
<0.01 

<3. 31 

a . 3 1  

1. 300 

1.300 

1.000 

1.000 

1.000 

1.000 

1 .go0 

1.330 

1.300 

1.003 

1.000 

1 .000 

1 .000 

1 .ooo 
1.000 

1.000 

1. 000 

1 .ox 
1.000 

I .coo 
1.oc9 
1.000 

1.cc0 
1.0c0 

C.127 

c .127 
0.127 

0.127 

3.127 

0.127 
3.127 

0.127 
0.127 

C.127 
0.127 

0 .I27 

0.127 

3.127 

3 . L i  
3.127 
0.127 
0.127 

0.127 
0.127 
0.127 
0.127 
0.127 

0.127 

35.8 
35.1 
32 .9  
3?.2 

?7.6 
42.5 
' k h  .8 
46.3 
48.3 
50.2 

5 1  .2 
51.8 
52.6 
53.7 
j 4 .5  
55 -9  
58.1 

60 .7  
63.3 
66.8 
74.0 
76 .4  

59.2 

80.8 
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'Fable B-1.5. iielluced Experimental Data f o r  Aelim TJsing Apparatus :U-A 

Specimen l'herml 
Thickness, Temperatire, Temperature G u a r ?  Shunting Heat Flux, Resistance, 

Drop, tic Fartor, Factor, Q/A iT/(G!/A) 
G F (W rrn-") (y c$ cj"1) 

fiun Ax 'ovg 
(em) (4s ("C) No. 

I 

?-A 
3.-I3 

1-C 

I - D  

1-8 

1-F 

1-G 

1 - H  
1-1 

1-J 
1-K 

2-A 

2-B 

2 -c 
2 -n 
2-E 

2-F 

2-0 

2 -11 

2-1 

2-J 
2-i( 

2-1, 
? ->,; 
2-M 

0.0000 

0.0100 

0 .I3200 

0.0302 

(> .0401 

0 .C499 

o.ogy9 
O.O'j!>O 

0,1001 

0 .2002 

0.3003 

0.0000 

0.01c0 

0.0200 

0.0300 

0 . 0 4 9  
0.0598 
0.0700 

0 * 0795 
0.0901 

0.1994 

0.2399 

0.0000 

0.0401~ 

0. ID00 

4.9 
5.73 
6.81 
8.112 

9.1.4 
10.28 
11 .53  
1.2 .69 
15.75 
23. 214 

29.12 

1.1 .OY 

13.06 
14. '37 
16. EY[ 

18.71 
20.75 
22.55 
24.18 
26.68 
28.22 

30.02 

143.92 
58.96 
11.56 

0.08 

O J 6  
9.2% 

0.22. 

O"23 

0.24 

0.25 

0.27 
0.32 

0.38 

0.k1 

-0.03 

0.05 

0.07 

0.08 

0.09 

0.10 

0.10 

0.10 

0 .3 :I 

0.11 

9.98 

-:;.01 

0.02 

0.08 

1 .000 

I .000 

0.934 
I). 991 
0 .9a6 
9.981 
0.977 
0. p 0  

0.945 
0.880 
0.8911 

1 . G C 0  

1 .0c0 

1 .0c0 

3.998 

0.9% 

0.994 

0.992 
0. 989 
0.98'1 

0.955 

0.983 

0.963 
0.965 

1 . Oi?0 

T a b l e  Jj-16. Reriuced Experillifntal Data for Vacuum Using Apparatus TI-B 

Specimen Thermal 
'Thickness, Temperature, 'Temperature G ~ ~ a r d  Shi int iw Heat Flux, Resistance, 

" 7  (: F 
li.lI1 /.% Ta vg Drop, AT Factor, Factor, Q/r, m/(Y/A) 

(V c m P )  ("C c d  r'_) 
I 

c rn ( " C )  
MO . 
1 -A c, .:;?llO 87.4 21.j') -0.06 0.9jii 0. ole2 .~. 91 .I - 6 
1.-B 0.1372 8'1.5 a. !tH -0.0'7 0.948 '3.0101 21 05 

1 -c 9 .1%W a7.3 21.69 -0.06 0.954 0.0101 2c68 

3-9 0.0488 87.4 a. 56 -0. 04 0.957 0 . (310 3 2124 



Table P l 7 .  Reduced Experinental Data f o r  hTS Th ing  Appwp.tU5 11-B 

.. _I__.. . . ._ 
Speciimn 'TherIrd ._...... _ _  

I'irickness, Temperature, Temperature Glinrd 
T Drop, m Pactor,  
tVP G 

(CUI) ( C) _. ("C) 

Run m 
No. 

1 -A 

1 -B 

1 -c 
1 - D  

1-E 

1-F 

1 -c 
1 -H 

1-H 

1 -J 

1 -K 

1 -L 

1-M 

I-N 

1-0 

1 -P 

1-4 
1 -R 

1-s 

1 - T  
1 -u 
1 -v 
I -w 

0. 0000 

0.0099 

0.0300 
0.01QO 

0.0500 

0 . 0200 

0.0600 

o .08c3 
0.0y31 

0.1002 

0.2000 

0.3000 

c .loo0 
0.0300 

0.1509 
0.1245 

0.0700 

0.1125 

0.100c 

3.0803 
0.1 751 
3.2300 

0.2605 

526.3 13.20 

526.1 16.81 
526.0 18.65 

526.0 19.96 
526.2 21.13 

5'6.5 23.25 

526.1 15.03 

526.0 22.44 

526.3 23.92 
526.3 24.89 
526.2 25.90 
526.2 37.62 
526.1 45.83 
526.1 26.03 

526.3 32.21 

526.4 29.16 
526.0 27.64 
526.3 25.94 

525.7 23.89 
525.5 35.86 
526.4 41.11 

526.6 L3.25 

526.3 13.33 

<0.01 

<c .01 
<c .01 
<o .O1 
<C.Cl 

<o.01 

<c.o1 
a.01 

v1.01 

<o .O1 
<0.1)1 

<o.c1 
<o .c1 
<o .c1 
<o.c1 

<o .O1 
a.01 
a.01 

<o . 01 
a.01 

<0 .01 

<0.01 

U3.01 

Shunt itq 
Factor,  

F 

1.000 

1.000 

1.000 

I ,000 

1.000 

1.033 

i .C30 

1.000 

1 .000 

1.030 

1 .000 

I .  000 

1.000 

1.003 

1.003 

1 .coo 
1 .ooo 
1.000 

1.000 

I .000 

1.003 

1.003 

1.003 

Heat Flux, Resistance, 
Q/A m/ ( Q/A ) 

..@..!K.?.L~ 
0.579 
0.580 

0.573 
0.579 
0.576 
0.576 
0.576 

0. j78 

0.578 
0.578 
0.578 
0.575 
0.572 
0.574 

0.579 
9.574 
0.578 
0.574 

0.578 
c ,578 
0.578 

0.573 
3.574 

J'C c d  W"') 

22.8 
26.0 
29.0 

32.2 

3L. 7 
36.6 

38.9 
40.2 

41 .5 
43.1 
4:. i 

65. : 
80.0 

45.3 
23.0 

56.0 
50.6 
48.2 
45 .0 
41.6 
62.1 
;1.8 

/> .4 

Table E-18. Reduced E q x r i w n t n l .  Data f o r  Heliim Tlsing Apparatus TI-B 

Hur. L a  
NO. 
___-I. 0- 
1-A 0.000c 

I-B 0.00g8 

I -c  0.01gy 

1-L,  0.CZ00 

1 - E  C.C397 

1-F 0.0533 
c .0630 - "  - -u 

l - H  C.0698 

1-1 0.210 

1-J 3.?,@00 

518.6 

518.9 
518.6 
518.6 
518.9 

518.5 
518.4 

518.6 

518. i 
51e.2 

"'5.6 
L 5 . :  

!'+5 " 5 
94: .8 
' Y i  5 . 5 
94: .4 
s 4 i  .a 
3'1j.L. 
.,I+ j , t j  

01.'~ [) 

12.?6 

16.53 
19.c2 

21.01 

14.23 

23.51 
25.74 

27. 91 
45.22 

55.27 

14.78 
16.70 
18.43 
20.12 

21.57 

23.23 

24.70 

33.43 
.r4.23 
11.63 

0.08 
0.11 

0.15 

0.13 

0.08 
0.07 
0.06 
C.04 
c.10 

0.12 

3.27 

2.22 

'0.22 

0.17 

0.18 
c.17 
0.1'7 

C.19 

0.22 

3.20 

1.ooc 

0.999 

0.997 
C.S% 
3.9$ 

3.995 
0.994 

3.995 
0 ,967 
0 . '3'. g 

0. r98 
0. 'iii8 
C.966 
0.995 

0.993 

3.991 

3 .  989 

0.%9 

0. q4c 
c.rss 

0.619 
0.617 
0.617 

0.617 
3.618 
3.616 

0.615 
0.616 

0.59+ 
0.580 

C ,663 
0.661 
0.561 
3.653 

3.657 
'J ,656 
0 .6>.+ 
c ,638 
C.618 

C .664 

20.0 

2<.1 .- 

26.8 

7c.8 
34.3 

38.2 

41.9 

' ilj., 

75.1 
' E .  . 

22 , 1. 

25. i 
27.', 

'C.5 

32.9 
.>.ll 

T7.6 
52:. 

./l .5 
-70.5 
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Table B-19. Reduced Experirriental Data f o r  Argon Using Apparatus ii-B 

Spec h e n  'Thermal 

Drop, LjT Factor, Factor, Q/A fir/ ( 4/A 
Tki *ckne;s, Temperature, Temperature Guard Shunting Heat Flux, Resis tance ,  

c F (w cm-2) ( "C  cma N-1) 
Ax Tavg Rxn 

No. 
CIil (Oil) ( "C )  

0.0000 

0.0200 

0.0400 

0 . o m  
0.0800 

0 .C! 00 

0.0.~!10 

0.0500 

0.07(00 

0 .rooj 
0. ~000 

0. 0000 

0.0100 

0.02?O0 

0.0300 

0.0lc00 

0 .0J401 

0.0500 

0 .0601 
0.0700 

0 .  0801 

0. 0y01 

0.1.001 

0. coo0 
0.0101. 

0 .020:1 

0.0;00 

0.0000 

0.0000 

r) 1 OL00 

0.0200 

0 .0'j00 

C.04C0 

9.0500 

0 .coo0 
0.0101; 

0 * 0601 

0.1200 

50'1 .0 

503.8 

504.0 
503.9 
>OJt  "2 

503 '6 
502.0 
504.7 
504.9 
501 . '7 
50.18 

859.6 
859.4 
859.3 
85'3.6 

859.8 
860.3 
855.9 
859.6 
859.7 
859.5 
859.6 
859.6 
859.6 
859.7 
859.: 
859.3 
859.7 
855.0 
858.8 
859.1 
859.0 

859.2 

859.0 
853.7 
859.5 

859.4 

859.0 

14.84 
40.79 
57-46 
71-05 
79.56 
28.37 
10.2cj 

64.40 

73.51. 
34.08 
36.66 

22.94 

27.97 
32.21 

35 a 1 5  

37.86 
39.2'3 
$2 .a 
44.44 
46.22 
4'1.88 
49.33 
50.89 
22.09 
29.64 
35 -00 

38.74 
21.44 
22.56 

3'7 .36 
41.56 
44.73 
47.76 
22. a0 

3 . 8 4  
50. 93 
58.34 

31. .71 

-0.07 
0.19 
!I. 24 
0.25 

0.30 

0.17 

0.2.5 

!). 22 

0.29 

-0.05 

O.GO 

0.15 
0.18 
0.22 

0.23 
0.24 

0.25 

0.27 
0.27 
0.26 
0.26 
0.25 

0.2Ic 

0.16 

0.23 

0.27 
0.2'7 

0.19 

0.20 

0.24 

0.29 

0.31 
0.32 

0.32 

0.21 

0.26 

0.30 

0.29 

I. 000 
0.970 

0.967 

0.933 
0.906 
0.989 
0. Yj? 
0.939 

0.91.6 
1.029 

1.000 

0.993 
(I. 986 
0.973 
0. $2 

11.956 
0.956 

0.544 
0.940 
0.937 
0.935 
0 .9 :y  

0.93 

0.999 
0.985 
0 .  y6R 

0.955 

0 . $199 

0.y19 
(2.983 
0.966 
0.972 
0.943 

0.936 
0.599 
0. 984 
0.935 
0.923 

0,500 

0.48;? 
0. '1-79 
0.456 
0 I4h'i 
0.49s 
'5. h'rj 
o . lt62 
0.449 
0.131 
0.127 

0 I k96 

0. 483 
3.4'78 
3.475 
0. $15 

0 .k68 

0.465 

0.491 

0.464 
0.463 
0.461 
0.461 
0.1196 

0.480 
0.480 
0.473 
0.495 

0.497 
0.491 
0.481 
0.474 
0.469 

0.1166 

0.497 
0.489 
0.462 
0.454 

29.7 

84.6 
720.0 

1 j 5 . 1  
178. 0 

57.3 
1~5.7 
1 3'4.4 

260 .2 

2.88. -( 

-6.3 
57.0 

66. -( 
r j . 5  

79.7 
82.6 
90.2 

95 .!I 
19.6 

rol;. 4 
lC7.0 
1 1 G . I I  

!+4.5 

'72.9 

81 .3 
43.3 

46.2 
54.6 
77.7 
87. '7 
95 . Ir 

45.9 
65 .1 

1.29.8 

1~63.'7 

60.7 

l ( j z 2  . !j 

11.0.2 
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W b l e  8-20. Reduced Ekperirncntal Data for  Vacuum Using Apparatus 111-B 

-...-_I._a 
S ecimen The rrml 

Thickness, Tem:arature, Te%persture Guard Shuntire Heat Flux, Resist  a m e l  
Run m T kOP, Factor, Factor,  Q/A m/(Q/A)  

G F avg 
cm ( "C)  ("C) ...... L!..sn-2 1 ( o C . & L ! 2 1  

No. 
.-..-1__ 

1 -A 

1-B 

1-c 
2 -A 

2-B 

2 -C 

3 -A 

3-B 
3-c 
3-D 
3-E 

3-F 
3-G 
3-H 
2-1 

3-J 

3 -K 
3 -1, 

3 -14 

3 -N 

3-0 

3-p 

3-61 
3 -R 
3-s 
3-T 

4 -A 
4-B 
IL-C 

4-D 
L-F: 

4-P 
4-G 
4-H 

0.1027 

0.3001 

0.2004 

0. I000 

0.2000 

0.2000 

0.2155 
0.2729 

0.2205 

0. ~680 
0,0000 

0.0208 
0.1226 
o 2705 
0.0000 

0.0189 
0.21h6 

0.2214 

0.0000 

0,0000 

0.0000 
0 .?212 

3.2212 

0.2304 
0.2311 

o.236? 

0.1472 
0.020JL 

0.0000 

0.1132 

0.0139 
0.0000 

0 .io82 
0.0055 

537.3 
537.0 
536.5 

526.7 
526.4 
526.2 

5 00" 

b 2 

28.14 
27.94 
27-93 

85.97 
85 *73 
39.36 

57 50 
19.33 

78.99 
78.52 
78.01 
58.17 
121.18 
1 2 ~ 2 5  

1?0.25 

86.26 
181.33 
180.17 
13P.53 

l3P-53 
128.24 

I >  .26 
68.94 
60.08 
58.43 
38.G 

319.78 
321.64 
191.93 
157.73 
158.35 

158.29 
160.08 

90 - 99 

0.54 
0.56 
0.58 

0.74 
0.74 
0.69 

-0.017 

0.247 
0.247 

0.247 
0.247 
0.141 
0.485 
0.485 
0.1.80 

0.440 
0.610 
0.610 
0.610 
0.620 
0.620 
0.630 
0.230 

0.120 

0.100 

0.110 

0.95 
0.96 
1.01 

0.98 
0.98 
1.01 

0.99 
0.99 

0. (87 
0.781 

0 * 775 

0.740 
0.740 
0 * 755 

1.010 

0.806 
0.886 
0.886 
0.806 

0.327 
0.805 
0.805 
0.805 
0.820 

0.766 
0.766 
0.766 
0.766 
0.766 
0.766 

0.893 
0.936 
0.91-5 
1 .060 

c.599 
0.596 

0.580 
0.580 
c.5 10 
0.575 
0.573 

0.579 

0.1306 
0.1296 
0.1287 

0 *2?5 
0.295 
0.148 

0.082 

0.163 
0.163 
0.163 
0.163 
0.1 (1 

0.340 

0.333 
0 + 333 
0.346 
0.624 

0.649 
0.649 
0.6119 

0.624 

O.lL7 

0.142 

0.178 
0.18c 
0.090 

0.223 

0.221 

0 .??6 

0.099 
0 . o g  

0.102 
0 *097 
0.097 

215.5 

215.6 

217.0 

291.4 
290.6 
265.9 

701.3 
166.7 
484,6 
1.81 7 
478.6 
3Lo. 2 

356.1~ 

361.1 
2L9.3 

290.6 
289.7 

364.1 

204.2 

W L . 2  

197.6 
530.0 

485.5 

33;. i 
324.6 
4?9,6 

1434.0 
1455.3 
8119.2 

1593.2 
1615.9 
892.1 
1631.8 
1650.5 

___ 
aNorml ized  t o  500°C. 

bNormiilized t o  20C 'C .  
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0 . 00!-0 
,3 . 0 5 01h 
0.1001 

0.200L 

0.3001 

0 .  0099 

0.o1x 

0 .015 [I 

0. 0203 

0.0302 

0.0~00 

0. 0048 
0.00?? 

0.O15O 

0. 0200 

0.0299 

0.3502 

0.1397 
0 * 0917 

0.3001 

0.021.3 

1.00 

1.. 03 

0.6'7 

0 .he 

0.611 

1 . !I3 

1.00 

I. . 00 
1.00 

I.. 00 

3 .-(5. 

1. '70 

ll.6 

1.5 

1 . It 
1 .? 
1.2 

0. C Y 5  

0.83 
0.77 
1 . ! I  
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1 -a 
1 - B  

1-c 
1-0 

1-E 

1 -F 
1-C 

1 -H 

1-1 

1-J 

1 -K 

1 -L 
1 -M 

1 -N 

1-0 

2 -A 

2-B 

2-c 

2-D 

2-E 

2 -F 
2 -G 

2-H 

3 -a 
3-B 

3 -c 
3-D 

3-E 

0.0390 

c . OlCO 
0.0150 

0.020C 

0 .0-0c 

0.050c 

0.0Cg8 

0 . 1 5 0 ~  

0.3000 

0.050~ 

0.0~00 

0.0598 
0.0041 
0.0102 

0.1000 

c . 0ol0 
0.01 CO 

0.015c1 

0.020c 

3 .030c 

0.0500 

0.0301 

0 .0699 

0.lC05 

0.2010 

0.0540 

0.01 3 1 

0.1506 

514.3 

514.6 

515.2 

514.4 

514.7 

515.7 
517.1 

517.4 
51.8.0 
520.7 

517.1 

516.4 
516.6 
514.4 
514.3 

316.2 

316.6 
217.0 

317.1 

317- 4 
317.8 
31.8.4 

319.0. 

1.19.4 
120.9 

120.1 

120.1 

121.2 

11.98 
12.9: 

12.67 

14.36 
15.18 

16.63 
18.10 

18. Jt4 

21.33 

24-50 

16.65 
17.08 

17.45 
11.92 

1.2 .a, 

7.88 

6.36 
5.11 

9 . 5 5  

11.10 

0.12 

0.12 

3.1.L 

3.15 

'3.17 

0.13 

0.21 

0.22 

0.24 

0.30 

0.19 

0.19 

3.20 

'3.19 

0.12 

0.37 
0.38 
0.38 
c.58 
3.35 

3 - 3 9  
3.40 

0.41 



99 

APPENDIX c 

PRECISION AIQ FRRGR ANALYSIS 

The general. form of“ t h e  equat ion  used t o  determine the l:heriraP con- 

d u c t i v i t y  i n  t h i s  i i rvest j .gnt ion is Eq. (g), rearranged as 

(C-1.) 

where the meas!irecl lieat fl.ux, &‘/A, is  assumed to be cocstant  during the 
measwements and the specimen th ickness  is x Ax. 

By t ak ing  t h e  t o t a l  d e r i v a t i v e  of 

t h e  crhange i n  k due t o  a change i n  a ~ y  

i s  

’ ~ y .  (c-1) and rear rsnging  terms, 

of t h e  y u . a , n t i t i t i e s  i n  ~ q .  (c-1) 

where 

,T = quantity enclosed by braces  in Eq. (C-L), 

K = quantity enclosed by brackets i n  

I, = {16/3) i2 0T3 ( Y / T ) ~ *  

By us ing  certain approximations, Ey . 
express  quantities more r e a d i l y  measured, 

Eq . (c-l ), and 

( C - 2 )  can be s inipl- i f ied t o  

(C-2) 

and 



1.00 

I n  t h e  p r e s e n t  s t u d i e s ,  t h e  h e a t  shuni i r ig  was usi ia l ly  small s o  tha t  

F and F c a n  bc acsumed t o  be u n i t y  i-n t h e  weigh'ciiig Funct ions .  F u r t h e r -  

more, t h c  e r r o r  i n  Y 
X 0 

/T  call b e  e v s l u a t e d  as 
T,€ 

F i n a l  !y, t h e  t o t a l  e r r o r  ia t h e  c o n d i i c t i v i i y  would be app-roximai?ly,  

The magnitude o r  the e r r o r  j.n t h e  c o n d u c t i v i t y  i s  dependent on the  

specimen t h i c k n e s s .  Some of t h e  u n c e r t a i n k i e s  i n c r e a s e  and o t h e r s  

d e c r c a s r  w i t h  a change i.n specimen t h i c k n e s s .  T h e r e f o r e , t h e r e  shoirl cl be 

8 n  optirrium t h i c k n e s s  that would minimize  t h e  e r r o r s  a s s o c i a t e d  with -it. 

The e r r o r s  are a l s o  dependent on t h e  m g i ~ i t u d e  of t h e  tilerma? c o n d u c t i v i t y ,  

t h e  f i x e 2  r e s i s t a n c e ,  and  eh . 
r 

The e r r o r  i_n t h e  c o n d u c t i v i t y  measuremeints now c o n s i d e r e d  yefe-rs t o  

t h e  a p p a r a t u s  mode3 111-B for va-yious val-uea of  x? k, e h  

observed i n  the p r e s e n t  s t u d i e s .  

and AT'/F(Q'/A) 
%' 

UsL-o.g the accuracy  I - i m i ' i s  listed 7.n Table  2 and the t o l e r a n c e  limits 

shown i n  F i g s .  A - 1  and A-2, t h e  e r r o r  terms 8ppeai-i.ilg i n  E q .  ( C - 3 )  can be 

dcterrflined as foll~ows : 



e 11 kair pt r -- f - 
X 3 

therefore ~ 
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Average r e f r a c t i v e  index 
- -  

An/n = k ( 0 . 2  x 100)/1.5 := ir1-376 (esTimated f am the  BTS mc surements  ) 

= O.C% (K = 1 . O ~ O  f o r  a rgon  and  1iel-i.um). 

Kadj~at  i o n  f u n c t i o n  

The e x p r e s s i o n  -Cor Y / r  i s  q u i t e  complex [Eq.  (8)3; f o r t u n a t e l y ,  f o r  

e = 0 . 5  and T < 5, Y/<r i s  v e r y  near1.y a c o n s t a n t  and f o r  T > 10 i.s v e r y  

n e a r l y  equal. t o  I./T. Thus, t h e  e r r o r  i n  Y/T due t o  an u n c e r t a i n t y  i n  T 

can be iiegl.ec-ted, except  i n  the narrow i-nte-eval 5 < T 2 1.0. Furthermore,  

t h e  rr,a.xi.nii~rn v a l u e  of t h e  te rm cdY/Yde % 1, s o  -that t h e  e r r o r  i n  Y/T i s  

p r i m a r i l y  due t o  t h e  u n c e r t a i n t y  i_n t h e  s u r f a c e  emi.ssivi.ty~ of t h e  upper 

and lower p l a t e s .  

Siirf’ac e emis s i v i t  y 

dc / s  = + ( C . O 5  X 1.00)/0.45 = +11.1_% ( e s t i m a t e d  from the vacuum 

measurements, see Chaptw 5). 

Spec imen ‘i h i e  knes s 

Tlial i n d i c a t o r :  

Thermal expnns:.on: 

Although a fuse3 q u a r t 4  rod w a s  used i o  minimi-ze ihermal expan- 

s i o n  e f f e c i s  i n  t h e  rnoisiie p i s i o n  asserLoly, j t  was not  practical t o  make 

a nual  quartL rod dial i n d i c a t o r  system. 

thermal  expansion d i f f e r e n c e  of s t a i n 1  e s s  s i e c l  f rom t h a t  o f  f u s e d  q u a r t z  

i s  cc t imaied  t o  be 

The u n c e r t a i n t y  causpd by t h e  



1.0 3 

where 

a = c o e f f i c i e n t  of ].inear expansion, O C - ~ ,  

L = l ength  of cy1.i-nder component of t h e  conduct iv i ty  c e l l ,  cm. 

He at s bun t i ng f a c t  or 

The tiom.inant r e s  is  tance in t he  hea t  - t r a n s f e r  c o e f f i c i e n t  , IJ, , meas - 
urenient i s  the air gap (Fig. I . ) .  

t h i s  r e s i s t a n c e  is the emiss iv i ty .  

The major unce r t a in ty  i n  determining 

Therefore,  

dTJ2/Uz = de/C . 
Thus, 

[ ~ G / E  = k0.1. X 1.00/0.)+ = 2254 (esti-rmted f o r  t h e  air  gap) 1 .  Thus 

dFx/F, = t20 (1 -F )/Fx $ . x 

Su.mtj .on of errors 

A I  I. t he  u n c e r t a i n t i e s  now cornhi ned i n  Eq.  (C--3) y ie l  CIS 

(+0.4%) + (LO.;)) - (+o.h)  
x 

1 &'/A 

k + E l l  r' I )+ (\k 

-;1""-x 

>( 
rlk 

k 
- ($) = i0.01.3 

( c ont i nu e d ) 



k + s h x  
+ w r [+20 ( i / ~ ~  - i/po)j 

X 

The s tandard e r r o r  i n  tine conducTivity was ca l cu la t ed  as a func t ion  

of x, k, and c h  

where t h e  s tandard  e r r m  i s  define,? as 

wi th  &'/A = 0.5 W cm-', G = 0.5, and w = 20bC cm2 It/-' r 

11" . 
dk 
- = [E ( e r r o r ) "  n 
k n  

I n  F ig .  C - 1 ,  t h e  error calcu3atcd us ing  Eqs .  ( C - 3 )  and (C-1)) is  shown 

p l o t t e d  3s a func t ion  of t he  specimen th jckness  f o r  var ious  values  o f  ihe 

specimen conduc t iv i ty .  

the speeiiiien conduct jv i ty .  

d u c t i v i t y  measurements a t  srrall th icknesses  is t he  unce r t a in ty  i n  t h e  

specimen th ickness ;  hovever, a t  l a r g e  chicknesses and €or t ransparent  

The e r r o r  is most s e n s i t i v e  t o  the magnitude o f  

The primary source of error i n  t h e  low con- 

0.I I i / I  - I -- ._ 
1- --- 

I 

0 0.05 0.10 0.15 0.20 

A'. SPECIMEN THICKNESS (crnl 

F i g .  C-1.. Estimated c r r m  i n  t he  conduct iv i ty  measurements f o r  t h e  
Apparatus 1111-B vs specimen th ickness  a-t an  average specimen tempera.ture 
of 60oOc f o r  var ious specrimen c o n d u c t i v i t i e s .  Radiat ion assumed ( E  = 0 . 5 ,  
n = 1.0, K -- 0 )  except as no-ted. 
- I 
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