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ABS’IXAC T 

“he use of porous mater ja lc  i n  heat  t r a n s f e r  has  been increas ing .  

The equations which descr ibe hcat, t r a n s f e r  i n  porous mater ia l s  with a 

f l u i d  flowing through the porcs of the  ma te r i a l  a r e  more complicatcd 

than those f o r  hea t  t r a n s f e r  through s o l i d s  and i n t o  f l u i d s  a t  a plane 

i n t e r f a c e .  Calculat ions of hea t  t r a n s f e r  i n  porous mater ia l s  have been 

hindered by f a i r l y  widespread misconceptions about this type of heat  

t r a n s f e r  and by the  lack  o f  experimental  da t a  on t h e  heat  t r a n s f e r  

r e l a t e d  p roppr t i e s  of porous mater ia l s .  

Among a r t i c l e s  which have been published t h a t  d i scuss  hea t  t r ans -  

f e r  i n  porous mater ia l s ,  t he re  a re  some which a re  now acknowledged t o  

contain e r r o r s .  The erroneous conclusion of these  a r t i c l e s ,  and o ther  

reasons, have fos t e red  xn assumption t h a t  i n  a f l u i d  cooled porous ma- 

terial t he  s o l i d  and f l u i d  phase temperatures will be nea r ly  i d e n t i c a l .  

The purpose of t h i s  study was t o  determine i f  an experimental 

apparatus could be b u i l t  t h a t  could be used f o r  gas phase chemical 

r eac t ions  i n  e l e c t r i c a l l y  heated porous tungsten and a l s o  t o  measure 

t h e  hea t  t r a n s f e r  c o e f f i c j m i  i n  the  porous tungsten using n i t rogen  or 

helium gas  a s  thc coolant .  The ex ten t  of t he  a l l eged  s i m i l a r i t y  b e i w e n  

the  tern-peratui-0 of the  s o l i d  and the  f l u i d  could thus  be determined. It 

was proposed t h a t  the equations f o r  hea t  t r a n s f e r  i n  a f l u i d  cooled, hea t  

generat ing porous s o l i d  be der ived and used t o  analyze da t a  from experi-  

mental measurements on t h e  porous system. These equat ions were not t o  be 

based on o r  bc r e s t r i c t e d  by the  assumption of the  e s s c n t i a l  e q u a l i i y  of 

the  s o l i d  and f l u i d  temperature i n  the  porous mater ia l .  



V 

Appropriate experimental mewurcmcnts wcrc t o  be ca r r i ed  out, i n  

order  t o  neasure four  boundary condi t ions  from which the  three c0nstant.s 

of t h e  equat ions 2nd the  heat; t r a n s f e r  c o e f f i c i e n t  could bc de-tcrmined. 

The equat ions were der ived and incorpoi.al;ed. into FORT17,~ d i g i t a l  

computer programs that  weye used t o  accomplish the  d a t a  reduct ion.  ?%e 

experimnental. apparatus  was success fu l ly  b u i l t  und operated. i n  spj. te of 

ex tens ive  developmental pi-ob1 ems associ-ated with e l e c t r i c a l  contact  

resj-stance a t  the mounts of t h e  porous tungsten.  hie  t o  the l a c k  of 

d a t a  on the e f f e c t i v e  thermal conduct iv i ty  of the  porous tungsten,  a 

fifth boundary condi t ion w a s  measured from whi.ch a conduction co r rec t ion  

PactLor was determined for  t h e  porous tungsten. 

The hea t  t r a n s f e r  c o e f f i c i e n t s  t h a t  were measured j.n t h i s  stiidy 

show good agreement with o the r  experimental  measurements of  hea t  transfer 

c o e f f i c i e n t s .  Corre la t ions  which hsd been suggested for 1iea.t t r a n s f e r  

c o e f f i c i e n t s  and which were not  gene ra l ly  based on e x p e r i m n t a l  d a t a  

gave heat t r a n s f e r  c o e f f i c i e n t s  that were la rger  than values  measured 

i n  t h i s  study by f;wo or t h r e e  o rde r s  of magniti-de. 

The assurnpti.on of such l a rge  heat t r a n s f e r  coof f i c i . en t s  could con- 

t i n u e  t o  support  the  i.dea that the  teniperature of t h e  so1i.d and f l u i d  

-1 
are nea r ly  i d e n t i c a l .  Even at the l o w  Reynolds number of 10 i n  t h i s  

study, s o l i d  and  f l u r i d  temperature d i f f e rences  of hundred.; of degrees F 

were observed. 
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INTRODUC'i.'I:ON 

The use and handling of porous rnat;csria.lc has  been a concern of 

techno'locy sirlee i.ts beginnj-ngs. Beds of grmiil.ar inateri 31s and porous 

solids have extensj-ve use  i n  chemical and petr.ol.eum pr.ocessing. (4,26, 

32) While rnetals have long been avai.lab1.c i n  porous foi-ms, i.t i s  on1.y 

wi.thin this century that, powder met~lliirbgy has become a s igni f i -cant  

technology. (19) Powder metal lurgy has been used i n  the . fabricatt ion 

l t i n g  mater ia l s ,  such as tungsten,  and i n  t h e  prepara t ion  

of bearing material  s which are  desirab1.e because of t1ici.r o i l - r e t a i n i n g  

poroi is structure. 

D.iring the per iod  around the  second. World War the re  was 3.n 

increased  i n t e r e s t  i n  hea t  t r a n s f e r  involving porous materi a1.s. The 

deveI.opmcnt j.n t h i s  period of the  rock.et engine with i t s  s e v e ~ e  problems 

i n  heat t , r ans f f r  led t o  consid-erat ion of f i l m  cco l ing  and t r a n s p i r a t i o n  

conli.ng. (6,23,30) Trarispirztion cool ing,  which has a l so  been r e f e r r e d  

t o  as "sweat cool ing" and "ef fus ion  cool ing,  " i s  accomplished l ~ y  the  

f l o w  of a cool ing f l u i d  through a heat conducti.ng material- i n  a d i r ec -  

t i o n  opposite t o  t h e  f l o w  of hea t  5n the  material.. Tnis teehniquc of 

cool ing by co imtcrcur ren t  f low of coolant and heat could .in pr incipl-e  

be aecoiiiy1.i shed with  cool.ant passages of any s i z e .  Porous maberials 

werc used f o r  some of these  app l i ca t ions  because they  offered a large 

~urfoce-to-voluoe r a t i o  :mii the low llow rates gene ra l ly  used did not 

crc::tc: excessive pressure d.rop:j i.n the porous mater ia l .  In  add i t ion  

tlic porous matcrial~ had n high degree of hornoGeneity t h a t  could not 

tic: achieved by a syst,crn o r  tubes.  



The development of nuclear  energy i n  t h i s  rei-iod l ed  t o  addi+ional  

problems i n  hea t  t r a n s f e r .  One reason f o r  thest. problems was t h a t  i n  

nuc lear  r e a c t o r  cores  power d e n s i t i e s  were now a v a i l a b l e  which were 

gmera l l -y  l a r g e r  than those t h a t  had e x i s t e d  before  t h e  advent of  

nuc lear  technology. One technique t h a t  h a s  b e m  siigeested i n  con- 

nec t ion  wi th  the  nuc lear  powered rocket  i s  t o  ilsc a r e a c t o r  core  tliat 

i s  formed from porous ma te r i a l s  so t h a t  a lar{;e sur face  a r e a  wil.1. be 

ava i l ab le  for t h e  t r a n s f e r  of hea t  t o  the  p rope l l an t  t h a t  i s  pass ing  

through t h e  r eac to r  core .  (7) 

The genera l  advance of -technology bas l e d  to  systems wi th  h i ehe r  

opera t ing  temperatures and more c r i t i c a l  problems i n  hea t  t r a n s f e i ,  a r e  

now f o m d  i n  we l l  e s t a b l i s h e ?  'ields such as the cool.i.ng of turbil le 

b lades .  Another a r e a  of i n t e r e s t  i s  i n  t h e  use of a porous n a t e r i a l  

as a r e a c t o r  for chemical r eac t ions .  When the  porous mate r i a l  i s  

heated i n t e r n a l l y  by ohmic or nuclear hea t  generati.on j t should iwovide 

a r e a c t o r  with a l a rgc  sur face  a rea  i n  a mal-l volunic capable ol' per- 

m i  Lting reac t i -ons  wi th  sho r t  contac t  t imes.  An cJnhmcement t o  the 

porous r eac to r  might be obtained by f a b r i c a t i n g  the  r e a c t o r  from fis- 

s ionable  ma te r i a l  and opera t ing  it i n  or near  t h e  core of  a nuc lear  

r e a c t o r  where it would be subjec ted  t o  a high neutron f l u x .  The 

r e a c t i n g  f l u i d  fl.owing through the  porous r e a c t o r  could t k n  be sub- 

j e c t e d  t o  d i r e c t  f i s s i o n  fragment bombardment which i . iau l t l  se rve  as a 

ca.l;alyst f o r  chemical r eac t ions .  

The number of a r eas  which have an i n t e r e s t  i n  hi.at t r a n s f e r  i n  

porous systems ccni inues t o  increase  as t he  understanding of t h i s  tech-  

nology has increased ,and i t s  app l i ca t ion  has spread. 



A t  t hc  present  time t h e r e  are a t  least two problems associatc:cl. 

with car ry ing  out calcul .a t ions involving hea t  t ransfer .  i n  porous 

s y ~ t e n ! ~  a T'ne f i r s t  problem i s  a misconception regarding the so1.j.d- 

1'1-uid t,erfipcrature d i f f e rence  in porous mater ia l s .  The second prob i.cm 

i s  the shortage of experimental  data on heat t r a n s f e r  i n  pol-o~.is zystcrn:;. 

The background of the  f irst  problem i.s the  fol.l-owing. Many o? 

these  n e w  technol.ogies which use porous system:; have either come i n t o  

ex is tence  o r  have received some major new impetus prior. t o  exixmsive 

ap7 l i ea t ion  of the d i g i t a l  computer as a t o o l  for. probl.em sol.ving. 

7ki.s has  c rea ted  the  problem of t r y i n g  t o  solve t h e  higher  order,  md 

solrietj mes partial, d i f f e r e n t i a l  equat ions of porous heat  t r a n s f e r  by 

VS-:-~OLLS sinpl.if'ying techniqui ..;. Accordingly each  problem involvi  :ig 

porous systems has been s inpl i . f ied by assumptions which were desicned 

t o  izl.low r e l a t i v e l y  easy so lu t ion  of' t he  equati.onz fo^r" the  2articul.arr 

c,:ise being studi.ed. Thi.s procedure has c rea ted  a variety of' n p ~  ~'oaclrles 

to the  general problcm of hea t  t r a n s f e r  i n  porous sy::-tems and appar- 

enL1.y has fos t e red  certai .n assuupt ions about p r o i i c  systems w h i  ch :ire 

riot g e n e r a l l y  t r u e .  I n  any case, the  -var ie ty  of' simplified approa,ches 

t o  the  problem has not served t o  c r e a t e  a unifixrm s c t  of def'i .nit,ions 

for. porous systems. 

The d i f f i c u l t y  i n  solving t h i r d  order  equati-ons does not, 1.i.z 

s i  rrply i.n t h e  need f o r  an addi - t iona l  cons.tm-t t o  he t?.~:il.~ati?d by the  

measurement of ii t h i r d  boundary condi t ion.  Rather,  tlie problem O C C U ~ S  

b::cause of tihe coupled na tu re  cf the equat ions f o r  heat, -transfer i n  

porous sys.tems. In a problem w-ith hea t  conduction up to a bou.n(lary 

that wa,s cool-ed by convectfive heat t r a n s f = . r  i t  was gc 'nernl ly  po::si.ble 

t o  separa te  the  sol.id and f l u i d  phases and t r e a t  raeh a s  a sepayate 
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problem wi th  coupling through the  convective hea t  t r a n s f e r  c o e f f i c i e n t .  

The d i f f e r e n t i a l  equat ion f o r  t he  hea t  t r a n s f e r  j.n t he  sol.id phase 

could be sol-ved sepa ra t e ly  from the  d i f f e r e n t i a l  equat ion f o r  the hea t  

transfer i n  t h e  f l u i d  phase. For hea t  t r a n s f e r  i n  porous systems t h e  

hea t  t r a n s f e r  coefy ic ien t  i s  involved i n  two d . i f fe ren t  d i f f e r e n t i a l  

equat ions which ai-e combined t o  yielhl t he  t h i r d  order  hea t  t r a n s f e r  

equat ions.  The phases a re  now no 1-onger separable  i n  the  sense of a 

f l u i d  contac t ing  a sol-id w a l l  along a geometric plane.  

the  coupling of  t he  phases i s  not i n  t h e  a l g r b r a i c  equat ions which 

a r e  the so lu t ions  of t he  d i f f e r e n t i a l  equat ions.  The coupling i s  now 

i n  t h e  di-fferent ia l -  equat ions themsel-ves. Thi.s prevents  t he  s impler  

so lu t ion  of  t h e  problem i n  p a r t s  and t h e  combination of t he  r e s u l t s .  

In add i t ion  t h e  equat ions f o r  the  hea t  t r a n s f e r  c o e f f i c i e n t  are t r ans -  

cendental  and t r i a l  and e r r o r  so1.utions a r e  necessary f o r  t h i s  parameter. 

Moreover, 

One e a r l y  attempt t o  der ive  equat ions f o r  t h e  genera l  problem of 

hea t  t r a n s f e r  i n  porous systems w a s  t h a t  of Weinbaum and Wheeler. (34) 

This work assumed t h a t  the porous system could be considered t o  have 

pores  made up of many small tubes o r  p ipes  running through the porous 

s o l i d  i n  the d i r e c t i o n  of f l u i d  flow. The hea t  t r a n s f e r  c o e f f i c i e n t  

assiimed i n  t h i s  work w a s  t he re fo re  based on t h e  fl.ow of fl .uids i n  pipes .  

Thi~s work had an error of' s ign  i n  the  de r iva t ion  of t he  hea t  

t r a n s f e r  equat ions and the  authors  srroneous1.y concluded t h a t  i n  a 

g r e a t  many systems the  f l u i d  would be heated t o  e s s e n t i a l l y  the s o l i d  

temperature i n  a very small percentage of t h e  flow length  of t h e  f l u i d  

through t h e  porous sol-id. It has  been noted t h a t  t h i s  e r r o r  was copied 

exp l i c iL ly  i n  a t  l e a s t  one o the r  work (17) and seve ra l  a r t i c l e s  have 
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r e f e r e n c d  the a r t i c l e  of Weinbaum and Whceler witholit t ak ing  not+: 

of t h c  e r r o r  i n  t h e i r  derivation. 

Yurthermore, i t  will be  s h o w  t h a t  t h i s  a;sumption of e,:Pntially 

equal Lernperatiires i n  the solid and f l u j d  phases of a porous systcrn 

has  been .widely used.  While t h e  assumption of equal  sol-id smd fl.uic! 

temperatu.res might not be d i r e c t l y  a t t r i b u t a b l e  t o  t h e  a r t i c l e s  ci . ted,  

those erroneous conclusions may have prompted some au%hors t o  u i a k  t h i s  

same assumption i n  t h e i r  work. I n  t h i s  connocti-on it i s  notcworthy 

t h a t  i n  t h e  chapter  i n  Schneider (28) on porous systems he c i ens  cnly 

two re ferences ,  one of which i s  Weinbaum and TWhecler, and t h e  o t h e r  o f  

which i s  Green (13), who also assumes the e q u a l i t y  of t h e  phase tc mper- 

r t t i r e s .  Schneider no tes  khat the use of the assumption of' f;he eclirality 

of t h e  temperature of t h e  t w o  phases g r e a t l y  simpl.i.€ied t h e  analysis.  

Tf e q u a l i t y  of phase temperature were t r u e ,  o r  r a t h e r  i f  this w e r e  zn 

nssiimption t h a t  would be surf i c i e n t l y  accura.te, then i.t wou1.d be help- 

f!iL sinct? it e f fec t i -ve ly  reduces t h e  problem from onc: invol.ving a th i rd .  

ord.er eq1u:ition t o  one i.nvolvinE only a second order  eqi.iaticm. 

absence of s c p h i s t i c a t e d  computing f a c i l i t i e s  t he  d c s i r c  t o  use the 

a.ssi1mpt.j on of phase temperature equality i s  untl~?ri; taridable.  

In  the  

Bussar3 and DeT,auer (7) e s s e n t i a l l y  assume ide r l t i t y  of t.he s o l i d  

and fluid phase temperatures  citi.ng Green a s  a re ference .  A more rc?cent 

artic1.e by Wei.ner and Edwards (35) t r e a t s  simultaieou.; conduction, con- 

vection, and r a d i a t i o n  i n  a porous bed by in i t ia7 . ly  &?fining the s o l i d  

and f1.uj.d temperatures  t o  be the same. A still more r ecen t  a r t i c l e  by 

Koh and del Casal (21) si.irprisj.ng1.y s t i l l  c i t e s  Weintai.i.rn and Wheeler, 

and Grcen. Whi2.c. t h i s  work i n i t i a l l - y  cons iders  a temperature d i f f e rence  

between t h e  solid and t h e  fluid, a s i g n i f i c a n t  por-Lion of this work 



cons iders  t he  case where the  s o l i d  and f l u i d  phase tenpera tures  are 

assumed t o  be equal. 

The problem of  t he  incor rec t  s ign i n  the  de r iva t ion  of Weinbaum 

and Wheeler d id  not ,  however, go e n t i r e l y  unnoticed. 

Grootenhuis (17) made a cor rec t  de r iva t ion  of the problem. Bland 

derived equations which coupled the f l o w  equations with those f o r  

heat  t r a n s f e r  by assuming a c o r r e l a t i o n  f o r  t h e  hea t  t r a n s f e r  c o e f f i -  

c i e n t  i n  the  porous mater ia l .  While t h i s  co r re l a t ion ,  based on work 

by Grootenhuis (15) w a s  probably reasonable,  it does poin t  out  the  l ack  

of experi-mental da t a  on porous systems, a f a c t  which i s  e x p l i c i t l y  noted 

by Grootenhuis. These two works poin t  up the second shortcoming of t he  

s t a t e  of t h i s  a r t  which w a s  the  lack of experimental  measwemats  on 

porous systems. The d i f f i c u l t i e s  i n  solving higher  order  equat ions 

which more accurate]-y &scr ibed  the  porous system of ten  l e d  t o  t r e a t -  

ment of the  porous systems by extrapol-ation from other  models. Among 

o the r s  i t  was pos tu la ted  t h a t  a porous s o l i d  was equivalent  to many 

small tubes o r  t h a t  it resembled a packed bed. (1.,31+) 

cepts  of parameters i n  porous systems w i l l  n o w  be considered. 

Bland (2) and 

Some of the  con- 

Experi.menta1 val.ues for the  thermal conduct iv i ty  of porous mater ia l s  

were genera l ly  unknown and Grootenhuis i n  f a c t  comments on the  general. 

l ack  of experimental  da t a  i n  t h i s  area.  More recent ly ,  Koh and d.el Casal 

(21.) have r e i t e r a t e d  khis complaint. 

d u c t i v i t y  of porous mater ia l s  i s  r e l a t e d  t o  the  quest ion of how the  

a rea  f o r  heat  conduction should be defined. 

34) state t h a t  t he  c ros s  s e c t i o n a l  a r e a  availa1jl.t- f o r  thermal conduc- 

t i v i t y  i s  based on the  geometri-cal a r e a  f o r  conduction. 'The geometrical  

a rea  for conduction i s  gene ra l ly  taken t o  be an ayea evaluated by 

The questi.on of the  t'nerma.l con- 

Many of t h e  authors  (7,28, 
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mult ip ly ing  t h e  complement of t h e  volumetr ic  por.osi.ty by the bulk 

c r o s s  s e c t i o n a l  a r e a  of the porous ma te r i a l .  A notable  exception t o  

t h i s  assumpti-on i s  the work of Koh and de?- Casal. (21) on nickel. 

Foamet a1 . 
A v a r i e t y  of assumptions are made wi th  regard  t o  t h e  cor-relat.ion 

t o  be assumed for t he  i n t e r n a l  h e a t  t r a n s f e r  coe f f i c i - en t  as w e l l  a 3  

t h e  method t o  be used t o  eva lua te  t h e  a r e a  wi.thin t h e  pores.  Bland 

eva lua te s  t h e  hea t  t r a n s f e r  coeff i -c ient  on the b a s i s  t h a t  the pore:: 

correspond t o  a system of small tubes.  Moreover he rel.a'ies t h i s  t o  

p re s su re  drop dur ing  f l o w  measurements i n  t h a t  he c a l c u l a t e s  the r . i ze  

of a group of small pipes  which would produce the observed. pressiui'e 

drop. He then  uses t hese  tuL-2 as t h e  basi.s f o r  bo th  the  heat t r a n s f e r  

c o e f f i c i e n t  ? i d  the  i n t e r n a l  a r e a  of t h e  porous mater<-al.  

Groo'c enhui s has sought t o  determine an exper i rnent a1 e orr e 1.at i on 

between a volumetric hea t  t r a n s f e r  c o e f f i c i e n t  and the  flow ra t t .  The 

voI-umetric hea t  t r a n s f e r  c o e f f i c i e n t  i s  t h e  product of t h e  c1as:; ical  

hea t  t ramfer  c o e f f i c i e n t  and the  in te rna l .  a r e a  p e r  u n i t  h u l k  volume 

of t h e  porous ma te r i a l .  Gr0otenhui.s eva lua te s  the  i n t e r n a l  sur face  

area of any porous sol.id by assuming t h a t  s p e c i f i c  s i r f a c e  varies  as 

R l i n e a r  func t ion  of one minus the  po ros i ty .  

While t h e  case of a h e a t  genera t ing  s o l i d  phase i.n a porous 

system has  been considered i n  some a r t i c l e s  (14), t h e w  do not appear 

t o  be many experimental  s tud j~es  i n  which t h i s  e f f e c t  GCCUTS. This 

suggests a need i n  thi .3  a r e a  s ince  i n t e r n a l  hea t  genera t ion  i s  t h e  

meeh,mism which would be empl-oyed i n  a porous nuc lear  ~-eact;or core and 

i n  a porous chemical r e a c t o r .  Another d i f f i c u l t y  i n  obta in ing  a wcll 



8 

def ined  set of equat ions f o r  hea t  t r a n s f e r  i n  porous systems i s  due t o  

t h e  d e s i r e  by some authors  t o  couple the heat t r a n s f e r  problem with 

the  f l i i i d  flow problem. This i s  being done without; f i r m  d a t a  on the  

rei-ation of flow r a t e s  t o  the  hea t  t r a n s f e r  c o e f f i c i e n t s  i n  porous 

mater ia l s .  With the  l a rge  a r e a  of unce r t a in ty  i n  porous hea t  t r a n s f e r  

i t  wou1.d probably be b e t t e r  i f  t he  problems of heat  t r a n s f e r  and f l u i d  

f 1 . 0 ~  could be considwed sepa ra t e ly  u n t i l  b e t t e r  so lu t ions  f o r  the  ind i -  

v idua l  problems a.re es tab l i shed .  

S-tudies on heat  transfer. i n  porous systems have remained r e l a t i v e l y  

scarce i n  the  sense that the re  a r e  r e l a t i v e l y  few a rL ic l e s  i n  t h i s  gen- 

eral .  a r e a  which a re  appl icable  t o  the  concept as it is examined i.n t h i s  

study. 

A r e l a t i -ve ly  new a rea  of s tudy h v o l v i n g  hea t  t r a n s f e r  i n  porous 

Present  s tud ie s  on the  hea t  pipe a re  ma te r i a l s  i.s t h e  hea t  pipe.  (9) 

more concerned with f1ui.d fl.ow through t;he c a p i l l a r i e s  of t he  wi.ck and 

problems of entrainment during vaporizat ion than they a r e  with probl-erns 

of heat  t r a n s f e r  through the  porous wick. This i s  t,o be expected be- 

cause the heat  t r a n s f e r  problems a re  not  the  most c r i t i c a l  pmblems 

found i n  h e s t  pipes  a t  the  present  time. However, it has been noted 

(8) that fu tu re  devel-opments i n  heat pipes  w i l l  need t o  consider prob- 

lems such a s  the  heat  t r a n s f e r  through the  f l u i d  and the  wick i n  high 

performance hea.t p ipes ,  



PURPOSE AND SCOPE 

One purpose o-F t h i s  s tudy  was t o  build and opera te  experimental  

apxlaratus t h a t  cou3.d be used t o  perform re sea rch  on porous systems. 

The apparatus w a s  to be used f o r  stud-ies of t h r  k i n e t i c s  of gas phase 

chemi.cal r e a c t i o n s  i n  a hea t -genera t ing  porous rcact.or.  It; was a l so  

t o  be used t o  measwe h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  hca t -genera t ing  

po~oiis  mater i al- s - 
The development and use of  t h e  apparatus f o r  k i n e t i c  s t u d i e s  has 

been descri 'urd by Farber. (10) 

development and use of the  apparatus for  t h e  purpose of experimental ly  

measuring hea t  t r a n s f e r  c o e f f i c i e n t s  w i th in  a gas-cooled, hea t -  

generatiiig porous s o l i d .  The method f o r  t h e  de-termination of the h e a t  

ti:ansfer c o e f f i c i e n t  will use only a l i m i t e d  number of  as sump ti ox,^ aid 

i n  p a r t i c u l a r  this method w i l l  take into account seine f a c t o r s  whi.ch, 

khrough neg lec t ,  omission, o r  error, appear to have led t o  c e r t a i n  

erroneo1.x assumptions regard ing  hea t  transf er. i n  porous systems. 

The p resen t  t h e s i s  w i l l  de sc r ibe  t h e  

The present  sti.:dy a l s o  p r o p s e  s t o  examine c o r r e l a t i o n s  which have 

been suggested for porous materials, bu t  which a re  based on rxt,ra,.po- 

l a t i o n  from nonporous model.s, i n  order  t o  determine the agreement 

between these  proposed carrel-ations and experimental da t a .  

The porous ma te r i a l  used i.n both tkic k i .net ic  s-l;udi.cs of Farber and 

i n  t h i s  work w a s  porous tungs ten  i n  t h e  form of hollow cyl.inders approxi- 

matel-y one and a h a l f  inches long, 3/8 inch  i.n ou t s ide  diameter with a 

x.ia.11. t h i ckness  of l/16 inch .  

tungs ten  W ~ S  obtained from d i r e c t  curreni; t h a t  was suppl icd from a 

sel.enium r e c t i f i e r  of t h e  type used f o r  corrtmereial e lec t ropln t i .ng  

The heat  genera t ion  wi th in  t h e  porous 



opera t ions .  I n  the present  study the  heated tungsten was cooled by 

n i t rogen  o r  he?.?um gas which flowed r a d i a l l y  outward through the  pores 

of the  hollow tungsten cy l inder .  

Measurements of t he  porous system were taken when i t  was i n  a. 

s t a t e  of dynamic equilibri.um i n  which hea t  w a s  being generated withi.n 

the porous tungsten a t  the  same time that. hea t  was being removed by 

the  heati-ng of t he  gas t h a t  was flowing through the  wall of the  hollow 

cyl inder .  Under these  condi t ions a number of bovndary condi t ions  of 

the  porous system were determined. More boundary condi t ions  were 

measured than were required by the  order  of t h e  d i f f e r e n t i a l  equat ions 

t h a t  descr ibe  the  porous system and the  unhown hea t  t r a n s f e r  coef- 

f i c i e n t  could then be fouid  from the  overdefined system of equat ions.  

Ana1ysi.s of the  experimental  d a t a  w a s  c a r r i e d  out usi-ng t h i r d  

order  d i f f e ren t i a l .  equat ions t o  descr ibe  the  porous system. The use 

of equat ions of t h i s  order  assured t h a t  the ana lys i s  would not impose 

any cons t r a in t  on the  hea t  t r a n s f e r  c o e f f i c i e n t  such as r e s u l t s  when, 

f o r  example, d i f f e r e n t i a l  equat ions of a lower order  a r e  used t o  

desci-j-be the  porous system. 

Porous systems have been descr ibed by models t h a t  consider  the  

porous ma te r i a l  t o  cons i s t  of' many small  p ipes  o r  t o  resemble a packed 

bed. Corre la t ions  obtained from these  models w i l l  be compared .to 

experiment ally me a sure d da ta .  



1 J. 

THEORY 

ireat Transport  i n  Porous Systems 

There are xiinny m a t e r i a l s  which have been descr ibed  as porous, which 

l i t e r a l l y  means that t he  m a t e r i a l  conta ins  a number of s m a l l  openings. 

This concept of p o r o s i t y  w i l l  be r e t a i n e d  i n  t h i s  s tudy  bu t  a d d i t i o n a l  

qua l i f i ca t i -ons  w i l l  be added. I n  porous ma te r i a l s ,  dimensi.ons of t h e  

pores a r e  usual-ly small r e l a t i v e  t o  t h e  ex tens ive  dimensions of t he  

material . .  Also the pores a r e  usiial.ly uniforrnly d i s t r i b u t e d  through- 

ou t  t h e  ma te r i a l .  When the  term porous i s  appl ied  t o  a m a t e r i a l ,  t h a t  

m a t e r i a l  i s  s t i l l  considered t o  be uniform but i t s  ex tens ive  p r o p e r t i e s  

(mass, hea t  capac i ty ,  conduct iv i ty ,  e t c . )  a r e  now t r e a t e d  as having been 

reduced. by som? f a c t o r .  Oil-bear ing s tmta ,  a f l u i d i z e d  bed, urethane 

foam, a c a r  r a d i a t o r ,  and t u r b i n e  blades formed by s i n t e r i n g  powered 

metal  aye examples of porous ma te r i a l s .  

Po ros i ty  i s  a parztmeter used t o  descr ibe  porous m a t e r i a l s .  It 

specif i -es  the  f r a c t i o n  of a p a r t i c u l a r  ex tens ive  p rope r ty  t h a t  is 

missing from t h e  porous ma te r i a l .  Volume i s  t h e  ex tens ive  proper ty  

g e n e r a l l y  m f e r r e d  to when p o r o s i t y  i s  use?. I n  t h i s  s m s e  p o r o s i t y  i s  

a measure of t h e  amount of void i n  a porous s o l i d .  Vol.iune p o r o s i t y  has 

t he  dimensi.ons of cubic f e e t  of v0i.d volume per  cu1)i.c feet of bu.l.k 

volume. These dimensions have been s p e c i f i e d  f o r  p o r o s i t y  i n  o the r  

re ferences .  There a r e  o the r  kinds of p o r o s i t i e s  such as sol-id-area- 

ncrmal-to-Conduction pe r  bulk a r e a  so l id- length-para l l . e l - to-  

conduction nc r  bulk length.  

assumed to have t h e  same numerical value as one minus t h e  vol.vJne porosi-ty 

whi.1.e the  second i s  gene ra l ly  assumed t o  have a numerical. value of onc. 

The f i r s t  of' t hese  p o r o s i t i e s  i.s g e n e r a l l y  
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On t h i s  b a s i s ,  the  e f f e c t i v e  a rea  for conductjon through a porous s o l i d  

would be numerically equal  t o  the  bulk a rea  f o r  conduction mul.tiplied by 

one minus the  volume poros i ty .  However, an  example wiJ.3.  show t h a t  a l l  

p o r o s i t i e s  a r e  not  the  same a s  the  volume poros i ty .  Two mate r i a l s  may 

have the  same volume poros i ty  but  the  one may be a bed of hard. spheres 

t h a t  touch only a t  the  po in t s  of contact  while the  o the r  i s  a s o l i d  

block of ma te r i a l  t h a t  has a number of p a r a l l e l  ho les  dr i l l -ed  through 

it .  The conduct iv i ty  through the  d r i l l e d  block parall-el. t o  the  d r i l l e d  

hol.es and the  conduct iv i ty  through the  bed of hard spheres would cer-  

t a i n l y  be qu i t e  d i f f e r e n t .  There would probably a l s o  be a d i f f e rence  

i n  the  conduct iv i ty  through the  d r i l l e d  block pa ra l l e l .  t o  the  holes  and 

t h e  conduct iv i ty  through the  d r i l l e d  bl.ock perpendicular  t o  the  holes .  

Porous ma te r i a l s  have a c e r t a i n  degree of homogeneity due t o  t h e  

uniformity of t h e i r  pore s t r u c t u r e .  However, t he  a b i l i t y  t o  analyze 

porous ma te r i a l s  by the  method used i n  t h i s  st,udy i s  dependent on the  

following considerat ions.  Porous ma te r i a l  i s  c l e a r l y  heterogrneous when 

i t  i s  examined a t  a l e v e l  corresponding t o  the dimensions of the  par-  

ticula.f,e s t r u c t u r e .  A r igorous  mal .ys i s  of tho heat  t r a n s f e r  through 

a number of such p a r t i c l e s  would be analogous t o  an attempt t o  analyze 

the  heat  t ransy 'er  i n  the  b r i cks  of a regenera tor  by def in ing  f i n i t e  

d i f fe rence  equat ions f o r  a l l  of the  b r i cks  i n  the  regenerator .  

The ana lys i s  can be g r e a t l y  s impl i f ied  if the  porous system can 

be analyzed on a s c a l e  t h a t  i s  a t  l e a s t  one or two orders  of magnitude 

l a r g e r  Lhan the  dimensions of t h e  p a r t i c l e s  of t h e  porous s t r u c t u r e .  

I n  t1ii.s case it may now be poss ib l e  t o  consj-der the  porous ma te r i a l  Lo 

be homogeneous and possessed of extensive p r o p e r t i e s  t h a t  a r e  reduced i n  

magnitude. 



This method for  mslyzink; systems bas a c l e a r  precedent i n  t h e  

ord inary  heat conduct ion problem i n  which t h e  problem of def i .ning 

energy t r a n s f e r  bctween atoms i s  avoided by assuming t h a t  the  con- 

duction problems vi11 consider  the  m a t e r i a l  on a sca l e  where thc  s i g n i f i -  

cant dimensions of the  conducting m a t e r i a l  a r e  much l a r g e r  khan t he  dimen- 

s ions  of the  atoms comprising the  ma te r i a l .  Thus, t r e a t i n g  solid mater ia l  

made of atoms, and porous ma te r i a l  made of' par t ic l .es  as both bei.ng homo- 

geneous involves only a q u a n t i t a t i v e  and. not a qaali t a t i v e  di.T"i'erence. 

A real. porous system will be a mixture of s o l i d s  and voids. A 

s igni f i -cant  niimber of t hese  v0i.d.s may be connected t o  farm passages. 

The voids may conta in  a f l u i d .  The model of the  porous system used i n  

t h i s  s tudy t r e a t s  t he  porous system as one composed of two phases t h a t  

occupy t h e  same bulk space but  i n  which each phase i s  present  a t  a 

reduced dens i ty .  The s o l i d  phase ,and the  f1.ui.d phase m e  each consid- 

e r e d  to be homogeneous, continuous,  uniforrniy dispersed. through each 

o the r ,  and i n  contac t  with escli ot,'ner. In  t h i s  model. t he  extensi-ve 

p r o p e r t i e s  of escn phase a r e  p r o p o r t i o m 1  t o  the  vol-me f r ac6 i .m  of 

t h a t  phase i n  the  porous system. 

I n  order  t o  j u s t i f ' y  t he  assumption that, a real heterogeneom 

porous system czn  be considered t o  be homogeneous, t he  Biot number should 

be determined f o r  the p a r t i e 1 . e ~  i n  the  mater ia l .  The Siot number. i s  hr /k  

where h i s  the  hea t  t r a n s f e r  c o e f f i c i e n t  a t  the  sur face  of the  pa . r t ic le ,  

r i s  the  radius, or  c h a r a c t e r i s t i c  dimension of t h e  p a r t i c l e ,  and. k i s  

the  t.hermal. conduct iv i ty  of t h e  solid. material .  comprising the  pa r t i c l e . .  

The Hiot number i s  t h e  r a t i o  of t he  midplane thermal internal.  r z s i s t a n c e  

t o  t h e  sur face  film r e s i s t a n c e .  

r a t i o  of the  conduction temperature gradi.ent over t he  convection 

( 3 )  %ne Biot number is e x a c t l y  the 



temperature grad ien t  f o r  the  case of a pl-ane of thickness  r with thermal- 

conduct iv i ty  k and hea t  t r a n s f e r  c o t f r i c i e n t  h at  one sur facc .  ?"ne Biot 

number i s  twice t h i s  r a t i o  f o r  a s l ab ,  a cy l inder ,  or a sphere when the  

s o l i d  ma te r i a l  i s  uniformly genera t ing  hea t .  (24) With the  exception 

of the  f a c t o r  of two, t h e  Biot number can be used t o  determine the  r a t i o  

of the  temperature d i f fe rence  from the cen te r  of the  p a r t i c l e  -to ihe 

edge of t h e  p a r t i c l e  divided by the  temperature d i f f e rence  from t h e  edge 

of the  p a r t i c l e  t o  the  bulk temperatme of the  f l i i i d .  stream. 

The Bi.ot number f o r  the  p a r t i c l e s  of a poroii.s material. may be used 

t o  determine the  temperature g rad ien t s  which w i l l  be c rea ted  wi th in  the  

p a r t i c l e s  by the  convective hea t  t r a n s f e r  c o e f f i c i e n t  of t he  sysLem. 

The assumption has been made t h a t  -the s o l i d  phase temperature v a r i e s  

uniform1.y across the wall. of the  porous ma te r i a l .  Thi.s means t h a t  a 

c e r t a i n  temperate grad ien t  w i l l  e x i s t  across  the  width of a sing1.e 

p a r t i c l e  of the  porous ma te r i a l .  In  order  t o  j u s t i p y  t r e a t i n g  the  

porous syste:~i a s  i f  it were homogeneous the  c e n t r a l  <urd. sur face  temper- 

atures of the p a r t i c l e s  shou1.d vary l e s s  than an mioimt, t h a t  could per -  

tu rb  the -teirtperature gradicai; which may be imposed on the  porous mater ihl .  

The t eqe rn -Lure  change wiLiiin the  partri.cl.es should also be smal.1. enough 

not t o  s j -gn i f i can t ly  e f f e c t  any temperature dependent; physical  parameters 

of t he  p a r t i c l e  materi-a1 s ince  they  have been assumed t o  be independent 

of Lemperature im t h i s  model. 

Heat t r a n s f e r  i n  porous systems, a s  def ined i n  . th i s  study, involves 

a s t a t i o n a r y  porous so3.id phase and a f l u i d  phase t h a t  i s  flowing 

through the  connected pore s t r u c t u r e  of the porous sol-id.  Heat i s  being 

generated w i t h i n  t he  so l id  phase ma te r i a l .  Three modes of heat  t r ans -  

p o r t  a re  invo!vecl. Heat i s  being t r ans fe r r ed  through the  sol-id phase 



by conduction <and i s  being transferred with  t h e  f1ui.d phage by mass 

t r a n s p o r t .  I n  a d d f t i o n  to t hese  two modes, hea t  i s  being exchangtxl 

between t h e  solid f l u i d  phases by convective hea t  transfer across 

t h e  soli d- f lu id  i n t e r f a c e .  This interface i s  the  internal.. sur face  area 

of the  porous s o l i d .  

The conf igura t ion  which may be used t o  s tudy  heat tr:ul:;port i n  

hea t  genera t ing  porous systems c o n s i s t s  of a. generating,,  condu-cting, 

i n f i n i t e ,  porous f l . a t  pl.ate cool.ed wi.th a nongenevating, nonconducting 

f l u i d  flowing through the connected pores  i n  the plate. The P l o w  through 

t h e  p l a t e  i s  taking p lace  i n  the  one f i n i - t e  dimension. Fig1.rre 1 shows 

the h e a t  flows used t o  rierive the  equat ions f o r  s teady  s t a t e  hea t  trans- 

Ter i n  such il system. 

The q u a n t i t i e s  ql and <i4 represent  r e s p e c t i v e l y  the h e a t  corlductec! 

i n t o  a n d  out of t he  element dx of  the sol.id phase of  t,ht; porolrs system. 

Si.nce no conduction through the  fluid phase i:; consideyed t h e x  i.s no 

comparable effect i n  t he  fluid phase. !l"hi.s ass iums the  hcat trans- 

i'errerl by contlixticn i n  the fluid is negligib1.e compared LO o the r  hea t  

transport;  ef"f'ects in t h e  f l ~ u i d  phase. The qusnti . t i .es 2, and q /  represent  

t h e  heat t ransported.  i n t o  and cilt of t he  element d x  of t he  f lh r id .  phase of' 

t h e  poroiis system by f1iii.d f l o w .  Since t,here i s  no movement of the s o l i d  

phase t h c r e  i s  no comparable e f f e c t  i.n t he  so1.l.d phase. 

represenLs t he  hea t  generated i n  the el.enent dx of the sol-id phsse of' 

the poro~1-1s sys due t o  ohmic hea t ing .  Since there  i.s no ohmic heating 

of l;he f l u i d  phase there  i s  no comparable e f f e c t  i n  the f'luFd phase. 

" h t .  q - u a n t  it;y q1 

tr .ms1ci- l'rurn the s o l i d  phase t o  the f l u i d  phase. This t rcansfer  Lakes 

p lace  across  the ir i terphasc bowidary e x i s t i n g  in  t h e  d;u el!~mciit, 

,) u 

TIP quan t i ty  q, 
-. 

r ep resen t s  the hea t  tr,msfer:red by convective hca t  + 
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q ,  = H E A T  IN TO SOLID BY SOLID CONDUCTION. 
q2 = HEAT GENERATED I N  SOLID. 

=WEAT OlJT OF SOLID BY SOLID CONDUCTION.  
q,=HEAT T R A N S F E R R E D  FROM SOLID TO FLUID BY 

q 5 = H E A T  IN TO FLUID BY F L U I D  TRANSPORT. 
q6 = HEAT O U T  OF- F L U I D  BY F L U I D  TRANSPORT.  

9 3  

CO NV ECT I V E H EAT T RA N S FER . 

Heai F l o ; ~  in a Difye ren t i a l  Elemcnt of Poroirs Material 



Heal; balances around the  solid and f l u i d  d i f f e r e n t i a l  elemcnts 

y i e l d  the  two r e l a t e d  d i f f e r e n t i a l  equations 

a n d  

he(" - t )  = FCpS2(dt/dx). 

The fill1 d c r i v a t i o n  i s  given i n  Appendix A. 

The physical parameters are t , reated as being independent of 

temperature, and a r e  t h e r e f o r e  handled as cons t an t s  i n  the  equations.  

The s o l u t i o n  of  t h i s  system of d i f f e r e n t i a l  pquations g ives  for the  

s o l i d  and f l u i d  phase temperature d i s t r i b u t i o n s  

and 

where the  r (n = 1, 2, 3)  are the  r o o t s  of t h e  ope ra to r  equation i n  m n 

m3 + brr? - cm = 0 (5 )  

and where 

The Bs a r e  r e l a t e d  t o  the  C s  by 



Equabions (3) and (4)  a re  t h e  form of sol.ution t h a t  i s  cha.ra.cter- 

i s t i c  of  genera t ing  porous systems. The s o l i d  phase temperature and t h e  

f l u i d  phase temperature a r e  found t o  depend on a complementary func t ion  

involv ing  th ree  undetermined c o e f f i c i e n t s  and on 2 p a r t i c u l a r  i n t e g r a l  

involving the  ohmic hea t  generat ion.  The t h r e e  undetermined c o e f f i c i e n t s  

a r i  se  s ince  th5:rd order d i f f e r e n t i a l  equat ions a r e  produced i n  sol.ving 

the  system of two d i f f e r e n t i a l  equat ions (1) and (2) .  

1, C2, and C ) can be found from t h r e e  boundary condi t ions  i n t e g r a t i o n  (C 

involving T, t ,  or  t h e i r  d e r i v a t i v e s  wi.th r e spec t  t o  x. If the  var ious  

phys ica l  parameters invol-ved i n  formulat ing (1) and (2)  a r e  known, t he  

porous sys t en  would now be fill-ly descr ibed.  

"he cons tan ts  of  

3 

For a porous plate whose x dirnensi~on i s  I f t . ,  t he  s implest  boundary 

cond.itions, and ones which provide a convenient means f o r  t he  s tudy of 

porous heat  t r a n s f e r ,  a r e  tlxZO=t0 (speciPying the  i n l e t  f l u i d  temper- 

a t u r e  which s e t s  t h e  temperature regime of t he  system), dT/dx 

and dT/dx 

=O I x=o 
.=O ( ad iaba t i c  w a l l s  on t h e  porous s o l i d ) .  I x=P 

Due t o  the  na ture  of t he  experimental  apparatus  used i n  t h i s  s tudy 

it  w a s  not  poss ib le  t o  use these  simp1.e forms of  t h e  hea t  t r a n s f e r  

equat ions t o  arnal.yze the  experimental  system. 

Basic Heat Transport  - i n  t he  I- Experimpntnl Porous System 

While the  i n f i n i t e  f l a t  p l a t e  system wi ih  the  simple boundary 

condi t ions  j u s t  descr ibed provides  the  most i d e a l  model f o r  describir ,g 

porous hes t  t r a n s f e r ,  systems used f o r  experimental s t u d i e s  a r e  of 
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nect lss i ty  less i d c a d .  For thjs reason it was necessary 

experimental  systcm being used and t o  modify ~ t n d  extend 

port equat ions ac c ordingly . 
The porous s o l i d  used i n  t h i s  experimental  s tudy was tungsten.  

The porous tungsten w%s mnniJfac-Lured by s i n t e r i n g  tungsten powder a t  a 

temperature where phys ica l  bonding of t he  par t - ic les  occurred. wi.thout 

e l imina t ing  the  porous na ture  of the  compac-Led powder. 'The powder used 

t o  form the  porous tungsten was 20 micron powder. The p o r o s i t y  of the 

sint ,ered tungsten was approximately one h a l f .  The cha rac t e r i - s t i c  d i a -  

meter both of the  s o l i d  s t r u c t u r e  and t he  void space w a s  taker? t o  be 

t h a t  of t h e  powder diameter. 

The thermal conduct iv i ty  of s o l i d  tungsten i s  approximately 

10 U.t.u../hr.-'F-ft. It w i l l .  be shown the  convective hea t  t r a n s f e r  

coefL3cien-t a t  the  partic1.e sur face  i n  t h i s  s tudy i s  much less than  1..0 

B.t.u./hr.-OF-sy.ft .  and s ince  20 microns i s  approximateLy 6 x 1.0 ft. 

the  RTot number. (hr/k) f o r  these p a r t i c l e s  i.s approximate?..y 3 x 10 . 
This shows t h a t  even wi th  a s o l i d  t o  f l u i d  temperature dif ' ferencc 

on the  order  of 10' OF, as found. i n  t h i s  study, i n t r a p a r t i c l e  temper- 

atu.r!? vari~stion i.s of the order of 10 OF and t he  central .  and sur face  

p a r t i c l e  temperatures a r e  e f f e c t i v e l y  t h e  same. No si @if icant chttngir. 

i n  temperature dependent phys i ca l  parameters would take  p lace  i n  t h i s  

small a temperature difference and thi .s  teraperature diff 'erence is also 

negl.i.gi.ble compared t o  a grad ien t  of a few degrees of temperature pe r  

p a r t i c l e  which the temperature g rad ien t  ac ross  t h e  porous m a t e r i a l  may 

impose a 

2 

-5 

-7 

-4 

The s i z e  of the Biot n-umber i n d i c a t e s  t h a t  t h i s  porous solid i s  

very well suited. for  cons ide ra t ion  a s  :i homogeneous porous s o l i d ,  
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Consideration of  t h e  porous tungsten i n  a homogt-sncous s m s e  i s  f u r t h e r  

enhanced by the  f a c t  t h a t  the  c h a r a c t e r i s t i c  dirnensi.ons of the s i n t e r e d  

tungsten (a hollow cy l inde r )  ranged from an a x i a l  l ength  of 1 . 5  i n .  

down t o  a wall th ickness  of 0.0-T i n .  Thus, t h e  porous material. hac 

dimensions a t  l e a s t  two orders of magni-tude l a r g e r  than the  charac te r -  

i s t i c  diameter of either t he  p a r t i c l e s  or t h e  voids  of t he  poroiis 

mater i a1 . 
The f l u i d  flowing t'nrough t h e  connected pores of t he  porous 

bungsten w a s  e i t h e r  n i t rogen  o r  heI.i~um gas.  The Reynolds number i n  

t he  pores  w a s  approximately 10 and t h e  Peel-et number w a s  therefcre  

of approximately t h i s  same order  of magnitude. 

-I 

"he system i s  operating ,i s o l i d  phase tempcratures around 1500 OF. 

Radiat ive heat; t r m s f e r  cons idera t ions  involving the  f l u i d  phase may be 

neglected due t o  the  t ransparency of n i t rogen  and helium t o  r ad ia t ion .  

Radiat;i.ve he9t  t r a n s f e r  a t  the  boundarles of t he  porous tungsten cyl.inder 

a re  considered but  i n t e r p a r t i c l e  r a d i a t i v e  hea t  t r a n s f e r  may be neglected 

s ince  the  f i n e  porous s t r d c t u r e  effective1.y makes the  cy l inder  a wall. 

cons i s t ing  of approximately 10 1-ad.i at,i.on sh i e lds .  Further. j u s t i  .fi- 

ca t ion  f o r  neglec t ing  t h i s  e f f e c t  will be prescnted l a t e r .  

2 

I n  order t o  def ine  the experimental  porous system i t  i s  necessary 

that the  parameters used i n  equat ions (1) and (2 )  be known and t h a t  

th ree  boundary condi t ions be measured. Thj-s would al3.0-w eva lua t ion  of 

t he  C s ,  a n r l  t he re fo re  the  Bs, s o  t h a t  the  system would be completely 

def ined.  However, the  vol.imetric hea t  transf!:,r c o e f f i c i e n t  i s  an un- 

known parameter i n  t h i s  study. Tne method of f ind ing  t h i s  pai..imeter 

w i l l  be t o  measure four boiindary condi t ions  r a t h e r  than th ree  and. then 



solve a system of fou r  cJyuations i n  f o u r  imknowns. The four unkxuwns 

wiJ1. be t h c  thrct- c o e f f i c i e n t s  and the volumeLric heat t r a n s f e r  

c o e f f i c i e n t .  

SI) e c i al. C on s i c3 e r s t  i on s for  t h e  Expe r imen 1; n 1. For 011. s Sy :; t em - 
Coordi.nate Transformat ions 

The e x p r i m e n t a l  porous system used i n  this s tudy  was a thin-walled,  

1iol.l.o~ poroiis tungsten cy l inde r .  Study of t h i s  system was facj.1 ita.f;ed 

by t r e a t i n g  the hollow cy l inde r  a s  a f l a t  p la tc .  Since t,he ratio S S ’  the 

rdf i i i  of t h e  cy l inde r  was .pproximately 1 . 5 ,  t h e  Crror introdue<lc;i by t he  

use of the a r i thme t i c  mean ,we5 r a t h e r  than t h e  l o g a r i t h i e  mean area 

WELS less than 2 percent .  Addi t iona l  j u s t i f i c a t i o n  for t h i s  simiipl i fying 

assumption w i l l  be found i n  t h e  d i scuss ion  of r e s u l t s .  

The t ransformat ion  frorn c y l i n d r i c a l  t o  rectsngiilatr. coord ina tcs  

was performed as shown i n  Figure 2. The cyl.inder r a d i u s  corresponded 

t o  the x dimension of the po:rous system in which temperature was rel.ated 

t o  x pos t t ion  according t o  equation (3). The radial wal l  th-iick.rics:; was 

!;akcri to be equal  Lo the r ec t angu la r  w a l l  thickncs::. The cy l inder  axis 

corresponded t o  the r ec t angu la r  z dimension. Thc a x i a l  cy l inde r  l eng th  

was taken t o  be equal t o  the  r ec t angu la r  z length. 

the y dimension was considered. Trie y dimension of thc! rectangiilar 

model .  is t,herefore li.mit,ed by a d i a b a t i c  w a l . 1 ~ .  Further,  t;he magpitude 

of -the y dimi.nsion WRS taken t o  be t h e  quotient of thc: volnme of‘ t h e  

hoi low cy l inde r  divided by t h e  product of‘ cylinticr wall thi.ciincss rmii 

axial cy l inde r  length.  The v o l m t  of‘ the porous tungsten, t h c  axial 



CYLINDER F L A T  WAL-L 
z =  Z 

X r - r  = 2 1  

v/zx = Y 

Figure 2 

Equivalent F la t  Wall Model of the Cyl-inder 



l ength ,  and the wall thickness t h u s  remain unchsnced across t h e  

coo rd innte  transformation. 
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Cylinder Axis Temperature G r a d i  en t  

Bccause of the  experimental d i f f i c u l t i c s  i n  prevent ing a tempera- 

turn gradien t  along the cy l inde r  ax i s ,  it w a s  necessary t o  formulatc- 

d i f f e r e n t i a l  equat ions t h a t  took t he  axial o r  z dimension s o l i d  phase 

tempcrature grad ien t  i n t o  account. 

The f l u i d  phase z dimension temperature grad ien t  i s  not  considcred 

s ince  f l u i d  phase heat, condiuction has  a l ready  been neglected and s ince  

no z d i r e c t i o n  f l u i d  flow i s  considered. The extension of equat ions 

(1) and (2) t o  the  two dimensional cases  fo r  the  s o l i d  phase gives  

A so lu t ion  of eqiiation (7) i s  obtained by assuming the x a n d  z 

components of T a r e  separable ,  i . e . ,  

and furtiher t h a t  

or 

(9) 

Equations (9) and (10) are s a t i s f i e d  for  the  case where the  func t ion  Z 

i s  a Fourier  s e r i e s .  The so lu t ion  of equation (7) gives 
m 

T = 1 xi (x> z i ( z )  -t j x  
i =I 

where 

(12) 

and t h e  Z .  (z) are the  terms of t he  E'ourier s e r i e s .  
1 



Experimentally t h e  observat ion of' t h e  ou te r  surface of the  tungs ten  

cy l indc r  w i l l  be l i m i t e d  t o  n f ixed  number of po in t s .  These p o i n t s  

coyrespond to t h e  holes i n  t h e  Marini tc  d i s k s  through which t h e  tung:sf;cn 

aurfacl-. i s  viewed wi th  ?n o p t i c a l  p p o m e t e r .  Since t h c r e  :ire five holrls 

i n  t h e  Marini te  d i s k s  t h e  I, a x i s  temperature d i s t r i b u t i o n  w i l l  be rcpre- 

scizt,ed by B t runca ted  s e r i e s  u s i n g  the  f'irst five terms of the Fourier 

s e r i e s .  This should be a very  adequate approximation of t h e  a x i s  tern- 

pe ra tu re  func t ion  i n  view of t h e  f a c t  t h a t  t h e  n o m  f o r  t h e  z a i s  

temperature g rad ien t  i s  zero  a few terms of t h e  s e r i e s  typi- 

cally used t o  c h a r a c t e r i z e  pe r tu rba t ions .  Equation (11) therefore be- 

C ome s 

5 

T = 1 Xi(x) Zi(z) C jx . 
i=l 
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Temperature Dependence of E l e c t r i c a l  R e s i s t i v i t y  

With one exception, a l l  phys ica l  parameters i n  the  porous system 

were taken t o  be temperature independent and a parameter value corre-  

sponding t o  t h e  mean temperature of t he  ma te r i a l  w a s  used. The one 

exception w a s  the  e l e c t r i c a l  r e s i  s t i v i t y  of tungsten.  A l i n e a r  

temperature dependence w a s  used t o  descr ibe t h i s  parameter. The volii- 

metric hea t  generat ion term ry  w a s  replaced by G(T) where 3 

G(T) = Go + cL"1'. (14) 

The d i f f e ren t i a l .  equations descr ib ing  the  porous system are now 

ky V 2 T + G(T) =I h g ( T  - t )  = F Cp G2dt/dx (15) a d  (1.6) 2 

The so lu t ion  becomes, using t h e  f i r s t  5 terms of t h e  s e r i e s ,  

5 
T = 2: X.(x) 1 Zi(z) -  GO/^ . 

'The use of t he  f i r s t  f i v e  terms appears t o  give a s a t i s f a c t o r y  descr ip-  

t i o n  of the  a x i a l  temperature p r o f i l e  as w i l l  be discussed l a t e r .  

The volumetric heat  genera t ion  terms now occur not only i n  the  

constant  term i n  equation (17), but a l so  i n  t h e  opera tor  equation, (5), 

which now t akes  the  form of 



A similar so lu t ion  e x i s t s  f o r  i,. The complete de r iva t ions  are given i n  

Appendi-x A. 

The reason %or t,he use of a temperature dependen-t; phys i ca l  parameter 

i s  t o  -i'ncli.lii;jZtt. t he  coniputations involved.. The necessary calcul.ations 

could be performed without all-owing the temperature depend.ence. However, 

introducLior1 of t h i . s  dependence does not  increase  t h e  order  of' t he  

equat ions  inml.veii :md thereby makes b e t t e r  use of d a t a  3vaiI.able t o  

d.escribe the  tungsten. The mean s o l i d  temperature i s  used t o  eva lua te  

approprist+ z c i  c ,and- f i r # s t  o rder  terms f o r  e l e c t r i c a l  r e s i s t i v i t y  a s  

used i n  eyurttion (14).  

The computations that involve t h e  e l e c t r i c a l  r e s i s t i v i t y  (and 

thermal conduct,i v i ty )  are performed i n  order t o  eva lua te  the  eLec t r i ca1  

(and by impl.i.cal:i c.,n :.he thermal) conductance of t h e  porous t?mgsten a t  

the  operat,ing temperature of t h e  tungsten cy l inder .  The need f o r  t h i s  

eval. ua t, i or1 w j ~  3.1 now bc cons i de r E! ct . 
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Length Over Area Conduction Correct ion Factor 

A porous ma te r i a l  i s  considered t o  have in t ens ive  p r o p e r t i e s  t h a t  

have been reduced i n  proport ion t o  the  ex tcn t ,  and the  nature ,  of the 

poros i ty .  The thermal. and e l e c t r i c a l  conduct iv i ty  a r e  Lwo such prop- 

e r t i e s  of p a r t i c u l a r  in te res t ,  i n  t h i s  study. 

I f  t he  pores  i n  a porous mate r i a l  were a s e r i e s  of uniform 

s t r a i g h t ,  p a r a l l e l  ho les  running through t h e  s o l i d  i n  t he  d i r e c t i o n  of 

energy flow (Figure 3 a . )  then the  conductance, which involves t h e  1-ength, 

a rea ,  and conduct ivi ty ,  could be evaluated simply by applying a vol-imetric 

p o r o s i t y  co r rec t ion  f a c t o r  t o  the  a rea  i n  the  form 

A(1-S ) 
3 

where 

Keff  

%ulk 

L = bulk length  f o r  conductance 

= e f f e c t i v e  conductance 

= bulk condi ic t ivi ty  pe r  u n i t  (a rea  over l eng th )  

A = bulk a rea  f o r  conductance 

= volume porosi.ty, cu. f t .  void/cu. f t .  bulk s5 

However t h e  r e a l  na ture  of most porous s o l i d s ,  including the  ones 

i n  t h i s  study, i s  more nea r ly  a s  shown i n  Figure 3b. I n  par t icu la , r ,  i n  

t h e  case of s i n t e r e d  m a t e r i a l s  formed from powders, the  channels a r e  i n  

f a c t  formed from the  i n t e r s t i c e s  between t h e  powder g ra ins .  This implies 

thai, the  e f f e c t i v e  length  of t h e  conduction pa th  and the  e f f e c t i v e  nrea 

of t h e  conduction path can no longer be descr ibed by the  simple r e l a t i o n  

S ~ C J I ~  i n  equation (19). 

r; t i iat ion,  thus  

A new equat ion i.s needed t o  describe the  
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Keff - kbulk f L  

where 

fL = a co r rec t ion  f a c t o r  t o  ob ta in  the  e f f e c t i v e  

f A  = a co r rec t ion  f a c t o r  t o  obta in  t h e  e f f e c t i v e  

(excl-uding the  volume poros i ty  f a c t o r ) .  

A schematic r ep resen ta t ion  of these  f a c t o r s  

length  f o r  conduction. 

a r ea  f o r  conduction 

i s  shown i n  Figure 4. 

This f i g u r e  shows a hyyothe t ica l ,  i dea l i zed ,  porous s o l i d  composed of 

s taggered rods and having a volumetric po ros i ty  of  one halT.  Tne or ien-  

t a t i o n  of the  rods t h a t  comprise t h e  material. a r e  not  para]-le1 to the 

d i r e c t i o n  of conduction. The actiual length. over which energy t r a v e l s  

i n  ruovi.~ig a d is tance  I, i n  t he  directi ion of conduction i s  1.33L. This 

length  f a c t o r  w i l l  red-lice t h e  conduction by a f a c t o r  of 0.75, i . e .  

f L  = 1.33. 

T'e cross s e c t i o n a l  a rea  of  these  rods will. be zssumed t o  vary.  

The are . -  f o r  conduction w i l l  "neck down" a t  po in t s  of contac t  between 

p a r t i c l e s .  The simplest  example of t h i s  e f f e c t  may be seen by assuming 

t h a t  1 of every 5 rods has  a complete break a t  some poin t  aloag i t s  

length .  Since t h i s  removes t h i s  rod as  a conductor t he  a v a i l a b l e  a r e a  

f o r  conduction i s  reduced. by 0.8, i . e .  f = 0.8. A 
Since the  e f f e c t i v e  conductlon i s  propor t iona l  t o  the  a r e a  and 

inverse1.y propor t iona l  t o  t h e  length ,  t hese  two f a c t o r s  combined w i l l  

reduce the  conduction by a f a c t o r  of 0.6. 

vo17ume poros i ty  f a c t o r  of 0 . 5  the  o v e r a l l  e f f e c t i v e  conduct iv i ty  now 

becomes 0.3 t h a t  of t he  conduct iv i ty  of s o l i d  m a t e r i a l  and t h e  porous 

mater5 a1 may now be considered R S  a homogeneous material, charac te r ized  

by extensive p r o p e r t i e s  such as bulk a rea  and bulk length bu t  possessed 

I n  combination with the  
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VOLUME POROSITY ( S 3 )  = 0.5 
( H A L F  OF THE VOLUME IS "RODS" 

H A L F  OF THE VOLUME IS "VOID") 

f A  0.8 5 "RODS" IS BROKEN.) - _  - = 0.6 
f, ! . 3 3  

Factors  Reducing Conductivity in Fo~'i31.i~ Materials 
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of  a reduced conduct ivi ty .  ‘The e f f e c t  of t h i s  f a c t o r  on t h e  eva lua t ion  

o f  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  w i l l  be cormidered l a t e r .  

The volume porosi.Iry i s  r e a d i l y  obtained from measi.irernents of weight 

and volume of  t h e  porous mater ia l .  Wl1il.e t h e  length  and a r e a  f a c t o r s  

are separable  i n  the example o f  Figure 4 they may not  be as e a s i l y  

separa ted  i n  r ea l  mater ia l s .  Determination of  the  combined length-  

over-area conduction correcti-on f a c t o r  could be found from experi.mental. 

s teady s t a t e  measurements of the conduct iv i ty  of t h e  porous material. 

In ,p r inc ip le  the  length  co r rec t ion  f a c t o r  could be found from experi-  

mental unsteady s t a t e  ( t r a n s i e n t )  measurements of  t he  conduct iv i ty  of 

t h e  porous materi.al. IIowever, s ince  t h i s  s tudy dea l s  only wi th  s teady  

s t a t e  problems, t h e  two factm-s may be considered toge ther  as the length-  

over-area co r rec t ion  f a c t o r ,  which equal-s f /f ‘L/AJ L A’ 
Information on t h e  e f f e c t i v e  thermal. and e l e c t r i c a l  conduct iv i ty  

o f  t,he porous tungs ten  used i n  t h i s  s tudy was not available from the 

tnanuf ac tu re r .  Apparatus f o r  independent thermal and e k c t r i c a l  conduc- 

t i v i t y  measiurements a t  the opera t ing  temperature of 1500’E’ was not 

avail .able.  Accordingly, t he  length-over-area conduction co r rec t ion  

f a c t o r  f o r  e l ec t r i . ca1  conduction was determined. d u r i n g  each run a t  the 

a c t u a l  operati.ng temperature from experimental  d a t a  taken duri.ng the  run. 

This t p e  of  co r rec t ion  f a c t o r  i s  appl icable  t o  both the  e l e c t r i c a l  

and t h e  thermal conduction problem. It i s  assumed t,hat the  length-over- 

a r e a  co r rec t ion  fac-Lor f o r  thermal conduction i s  eqiual t o  t h a t  f o r  

e l e c t r i c a l  condiiction. T h i s  appears t o  be a v a l i d  assumpLi.on i n  view 

of t h e  d i r e c t  analogy between t h e  thermal and e l e c t r i c a l  conduction 

mechani sms. 



?%e s i m i l a r i t y  of t h e  mechanj.sms f o r  thermal and e l e c t r i c a l  con- 

d u c t i v i t y  i s  not found i n  similar temperature c o e f f i c i e n t s  for thcrmal 

wid el .ectri .ca1 conductivi.t,y. The temperature c o e f f i c i e n t  o f  thermal  

concI.uctivity (IC) for tungsten i s  i n  f ac t  nega t ive  wtiile tkie tcmperaturc 

c o e f f i c i e n t  of e l e c t r i c a l  r e s i s t a n c e  ( p )  f o r  tungsten :is p o s i t i v e .  

behavior i s  i n  f a c t  necessary  i n  order t h a t  the  Loreiiz number (kp /ToK)  

rema:in e s s e n t i a l l y  cons tan t  which i s  known t o  be t h e  case f o r  metals. 

( 2 % )  

~ a n g r "  of 800°K t h a t  inc ludes  t h e  temperatures. found i n  t h i s  study. 

~n-i .s  

The Lorenz number for tungs ten  varies by only one percent over a 

The thermal  and e l e c t r i c a l  conduc t iv i ty  arc: thus r e l a t e d  as  shown 

i n  the  Lorenz equat ion  and the agents  t h a t  are r c spcns ib l e  f o r  t h i s  

re la t i .on  are the f r ee  e l e c t r o n s  of t he  metal. (1.) 

There have been experimental  measurements that; tend to v e r i f y  the 

as::umption t h a t  a s i m i l n r  c o r r e c t i o n  f a c t o r  may be used f o r  tliermal a l d  

electrical condiiction i n  porous metals.  (16) The chapter  i n  Schneidcr. 

(2?3) on Experiniental h a l o g i c  Method g ives  ex tens ive  tr.E:2.tment to e lec -  

tr-i c n l  analogy in heat  conduction problems no t ing  t h a t  1~hi.s anal.og has 

a direct mathematical s i m i l a r i t y  t o  hea t  conduction and i s  the h e s t  

mown and most widely used analog for t hese  tyyes of problems. 

Fifth Boundary Coridition 

It was poin ted  out t h a t  the volumetr ic  hea t  transfer c o e f f i c i e n t ,  

he?  w a s  t o  be found along wi th  the  t h r e e  unknown coef'T'icients that; 

r e s u l t e d  from s o l u t i o n  o€ the d i f f e r e n t i a l  equation. Measurement, of 

foirr boundary condi t ions  al.lowed eva lua t ion  of he The combined I ength- 

over -area  conduction correcti.on fac-tor i s  a p a r m e t e r  t h a t  occurs i n  the  

e1t:ctrical .  and thermal conduction terms i n  the o r i e i n a l  cl i f f c ! r en t in l  
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e q u a t i o m  descr ib ing  the  porous system. It i s  t r e a t e d  as a valuc t h a t  

i s  unknown and i s  t o  be found from the  'measuremcnt of a fifth boundary 

condi t ion.  This f i f t h  boundwy condi t ion i s  the  average temperature of  

t he  s o l i d  phase of t h e  porous tungsten cy l inder  i n  the  region between 

the  two volt,age probes (T 
will now permit t he  evaluat ion of t h e  th ree  unknown c o e f f i c i e n t s ,  he ,  

and the  length-over-area conduction cor rec t ion  f a c t o r .  

). Measurement of f i v e  boundary condi t ions AB 

The length-over-area conduction co r rec t ion  f a c t o r  becomes another 

parameter t he  value of which i s  i n i t i a l l y  assumed and which i s  then used 

i n  i t e r a t i v e  ca l cu la t ion  until t h e  ca l cu la t ed  val-ue matches t h e  assumed 

value.  
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EXPERIMFXTAL WORK 

Experimt-,ntnl Apparatus - GcncJral Description 

'The experimental. apparatus  cons is ted  of equipment t h a t  could gen- 

eyate  hea t  wi.thin porous tungsten and t h a t  could a lso remove the  hea t  

wi th  gas fl-owing through t h e  pores  of the  tungsten.  The heat  was gen- 

e r a t e d  wi th in  the  porous tungsten by d i r e c t  cu r ren t  t h a t  w a s  suppl ied 

by a r e c t i 5 e r .  The d i r e c t  cur ren t  c i r c u i t  from t he  r e c t i f i e r  -used 

copper bus bars of 1 sq . in .  c ros s  sec t ion  t o  c a r r y  the  cu r ren t  t o  t h e  

porous tungsten.  The hea t  generati .ng porous tungsten w a s  cooled by 

pass ing  n i t rogen  o r  helium gas through the pores of t h e  tungsten.  

The experimrntal  m n s  w e r e  c a r r i e d  oiut by e s t a b l i s h i n g  a hea t  gen- 

e r a t i o n  r a t e  and a coolant f l o w  r a t e .  When the apparatus  reached a 

sba te  of c i~pamic eqiuilibrium, measurements were made of parameters t h a t  

defined. f i v r :  boundary condit , ions.  The hea t  t r a n s f e r  c o e f f i c i e n t  wi th in  

the porous tungs!;en and the  conduction co r rec t ion  f a c t o r  f o r  the porous 

tungsten wen: ca lcu la t ed  from t hese  boundary condi t ions.  

The stud;y was c a r r i e d  out with  h o l . 1 0 ~  porous tungsten cyl.ini?.ers 

f ab r i ca t ed  by s i n t e r i n g  20 micron tungsten powder. 

i.nders were obtained from t h e  Kul i te  Tungsten Co., Ridgefiel-d,  New 

Jersey.  ??IC cyli.nders were zpproximately 1.5 i n .  long. They were 

hollow, having an  O.D. of approximately O.Lt15 i.n. and an i . D ,  of approx- 

imately 0.275 in .  

a n c i  a volume porosi- ty  of approximately 45 percent .  

These tungsten cy l -  

The cy l inde r s  had a weight of approximately 18 grLans 



E l e c t r i c  Powcr C i r c u i t  

The e l e c t r i c  power used t o  hea t  the  tungsten cy l inder  w a s  obtained 

from a selenium r e c t i f  i.er manufactured .by the Rapid E l e c t r i c  Company, 

S e r i a l  Number 68025. The power was d i r e c t  cur ren t  flowing i n  a c i r c u i t  

t h a t  passed axial1.y through the tungsten cy l inder .  All heatj.ng e f f e c t s  

were clue t o  ohmic ( r e s i s t a n c e )  heat ing.  

shown i n  Figure 5. 

The e l e c t r i c  power ci .rcuit  i s  

Input t o  the  r e c L i f i e r  was 230 volt, 60 cycle ,  3 phase, a l t e r n a t i n g  

cur ren t  (A.C.). 

and from 0 t o  6000 amperes, d i r e c t  cu r ren t  (D.C. ). Control of the  out- 

p u i  vol tage on the r e c t i f i e r ,  a.s manufactured, was obtained by means of 

t h ree ,  "-posit ion t ap  switches.  Each of these  tap switches con t ro l l ed  

the  output from the  high vol tage transformer f o r  one phase of t h e  input  

a l t e r n a t i n g  cur ren t .  The d i r e c t  cur ren t  output vol tage w a s  p ropor t iona l  

t o  the  output of' t h e  high vol tage transformers.  

Output from the  r e c t i f i e r  ranged from 0 t o  12 v o l t s ,  

A modif icat ion was made t o  the  r e c t i f i e r  c l rcu i . t  i n  order  t o  obta in  

continuous, a s  opposed t o  stepwise,  con t ro l  c f  t he  output  vel-tage. 

Three 230 v o l t  Variacs were i n s e r t e d  i n  the  r e c t i f i e r  input  c i r c u i t  

between the  230 v o l t  l a b o r a t m y  power supply and t h e  three high vol tage  

t ransformers .  The t h ree  Variacs were connected along a c o m o ~ i  a x i s  and 

were operated i n  tandem. Conti.nuous output voltage r egu la t ion  was ob- 

ta ined  by using the  combination of Variacs and t a p  switches. 

The e l e c t r i c  power supply was monitored by means of seve ra l  i n s t r u -  

ments. The r ec t i f ' i e r  had been de1.i.vered with a D.C. vol tmeter  and a 

D.C. ammeter t o  monitor t he  output cur ren t .  Three A.C.  ammeters were 

connected t o  thc  three ou'iput l i n e s  froni the  thyee Variacs i n  order  t o  
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monitor t he  cur ren t  i n  these  c i ~ r c u i t s .  An A.C. voltmeter w a s  s e t  up t o  

s e l e c t i v e l y  monitor t h e  vol tage  across  each pai-1.. of A.C. input  l i n e s .  

Two A .  C. wattmeters were connected across  the  t h r e e  I-ines siqpJ.yi.ng 

power from the  Variacs t o  t h e  high vol tage t ransformer of  t he  r e c t i f i e r .  

The wattmeters were equipped wi th  phase r e v e r s a l  switches and were used 

t o  monitor t h e  power input  t o  the  r e c t i f i e r .  Probes were connect,ed t o  

the di.rec-t cu r ren t  c i rcu i t ,  a t   several^ l oca t ions  i.n order  t o  take  measure- 

ments o f  voltage a t  these  po in t s  i n  t h e  c i r c u i t .  The probes a t tached  

across the  D.C. ammeter shunt were used t o  measiu-e the  D.C. curren t  

wi th  high accuracy by means of a high preci.s-ion potentiometer.  

Mechanical Assembly 

The d i r e c t  cur ren t  w a s  c a r r i e d  from the r e c t i f i e r  te rmina ls  to 

t h e  tungsten cy l inder  through bus ba r s  cons i s t ing  of several  so1.i-d. 

copper ba r s  bo l t ed  together .  

wide and from 8-1/2 in .  t o  12 i n .  long. 

The bus ba r s  were l / 4  in .  t h i ck ,  4 i n .  

See Fi-gure 6. 

A copper bus block w a s  bo l t ed  t o  t h e  terminus of each bus bar .  

r i  lhese  two bus blocks served as t h e  platforms €'or t he  mounting of the 

tungsten cy l inder .  These bus blocks were s o l i d  copper, 1 in .  t h i ck ,  

4 i n .  wide, and 5 i n .  long. See Figure 7. Each bus block had a 1/8 i n .  

diameter holk d r i l l e d  through i t  a t  t he  cen te r  of  t he  block. A high 

pressure  f i t t i . n g  was s i l v e r  soldered i n t o  one f ace  of each bus bl-ock 

i n  a p o s i t i o n  over the  7./8 i n .  diameter hole  i n  the  bus block. 

f aces  of' t h e  blocks cont2ining t h i s  f i t t i n g  faced away from t h e  tungsten 

cyl.inder and were known as t h e  outsi.de faces  of the  bus blocks.  These 

h igh  pressure  f i t t j i i g s  had an I.D. of l/8 i n .  

The 

A holI.ow s ta in l .ess  s t e e l  



Tiigure 6 

Pilotograpti of the  Experimental Equipment 
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PhotograFh of the Mounted Tungs ten Cylinder Without 
Marj nLte I n s u l a t j  on an 1 Instrumentation 



4 1  

p i e r  w a s  b o l t e d  t o  t h e  o thc r  f ace  of each bus block. The facc-s of t h e  

b locks  onto which t h e  p i e r s  were bo l t ed  face toward t he  tungsten c y l i n -  

der  and are known as t h e  i n s i d e  f aces  of t h e  bus blocks.  Thc T.D.  of 

tho p i e r s  w a s  1/8 in. 

' b e r e  w a s  a groove i n  t h e  end of each p i e r  t h a t  h e l d  a gr'ipriite 

washcr. The hollow porous tungs ten  cy l inde r  r e s t e d  on t h e  g faph i t e  

washers. Access t o  the interior OP the tungsten cy l inde r  was through 

thc, l/8 in. diameter hole running through t h e  h igh  pressure  f ' i t t jng ; ,  tht? 

bus block, and t h e  p i e r .  See Figure 7. 

The d i r e c t  cu r ren t  used t o  hea t  t h e  tungsten cy l inde r  flowed from 

t h e  r e c t i f i e r  through t h e  c i r c u i t  c o n s i s t i n g  of t he  copper bus bars, t h e  

copper bus block, t h e  s ta inlr : -s  s t e e l  p i e r ,  t he  g raph i t e  washer, t he  

tungs ten  cy l inde r ,  and. then  back t o  t h e  r e c t i f i e r  through the  o ther  

washer, p i e r ,  bl.ock and bus ba r s .  

The mechanical connection between the two bus blocks w a s  providc'd 

by four 3/8 by 1-6 s t a i n l e s s  s tee l .  s tud .s ,  each LO in .  I.ong- Thesf:: studs 

pa:;:sed. tlirough four matching l / 2  in .  diameter ho le s  i n  t k  foim C O Y ' T I ~ T : ;  

or each bus bLock. 'These s tuds  were e l e c t r i c a l l y  i s o l a t e d  from t h r?  bus 

Sl.ocks by means of IJcai-ta s leeves  and washers. 

in. I-ong, 1/2 i n .  O.D. and 3/13 i n .  I.D. was placed  i n  each o r  the  four 

holes i n  both bus blocks.  Each sI.eeve protruded from e i t h e r  side of 

the bus bl-ock by fron 1./16 t o  1/32 in .  Mycarta washers, 1/16 in .  t h i c k ,  

1-I./8 i.n. O.D. s a d  l / 2  i n .  I.D. were placed 011 the  bus block, around Lhc 

p o r t i o n  of t h e  Mycsrta s leeve  t h a t  protruded from the sur€act? of t.hc 

bus block. Thc ins-uh. t ing Mycarta washers wcrc he ld  i n  p lace  by si,i.cl 

washers 5/i;j-t i n .  thick, 7/8 i n .  O.D. and 25/64 in. I .D.  

A Mycart. slceve 1-3/52 

~ t e r : ~ .  nuts 
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surmounting t h e  s t e e l  washers were used t o  form a r i g i d  connection 

between the  four  s t a i n l e s s  s t e e l  s tuds  and t h e  upper bus block. 

The s t a i n l e s s  s t e e l  studs were not  connected r i g i d l y  t o  t h e  lower 

bus block.  Through a system of compressi-on spr ings  provis ion  w a s  made 

fo r  s m a l l  r e l a t i v e  movements of t h e  two bus bl-ocks p a r a l l e l  to t h e  

common axis of t h e  s ta . in less  s t e e l  s tuds .  The compression spr ings  were 

formed from steel .  wire 0.080 i n .  i n  diameter with an axial  length  of 

2-5/16 i n .  and w i t h  an I.D. of l / 2  in .  

t h e  add i t ion  of collars 1/2 in. O.D. and 7/1.6 i n .  i . D .  These c o l l a r s  

were brazed t o  the  .steel  washers. The compression sprj-ng w a s  pos i t ioned  

on the s tud  wi th  the collar of a co l l a red  washer i n s e r t e d  i n t o  each end 

of t he  spr ing .  This assembly formed the  inker face  between the  1-ower 

Mycarta washer arid -!;he s t e e l  nu t .  See Figure 8. The spr ings  p-rovidu 

t h e  pressure  used t o  hold the  tungsten cy l inde r  i n  place.  Since t h e  

moimting was spring losded, it allowed f o r  thermal expansion of  t h e  

S t e e l  washers were modified by 

tungsten cy l inder  and o the r  p a r t s  under e s s e n t i a l l y  constant  1.oad. 

Since the re  was no r i g i d  connection between the  s t u d s  and the  lower 

bus block a l i g h t l y  loaded spr ing  system w a s  used t o  keep the  Mycarta 

washers i n  p lace  on top of the  lower bus block. These Mycarta hold-down 

spr ings  were formed from 3/@+ i n .  stock, and were 5/16 in .  long with an 

I.D. of 19/32 i n .  Additional co l la r rd  washers were prepared by brazing 

a c o l l a r  onto regular s t e e l  washers. 

25/64 i n .  I.D. and 1/8 i n .  long;. 'The c o l l a r s  wi th  the  hold-down spr ings  

were pcs i t ioncd  on the  s tuds  above t h e  lower. b u s  block as shown i n  

Figure 8. 

The c o l l a r  was 19/52 i n .  O.D. ,  
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Figure 9 shows the  s t a i n l e s s  s t e e l  p i e r s  t h a t  were used t o  holt3 t h c  

tungsten cy l jndcr  dur i  n{; opera t i  on. A ncoprcne O-ring 11/32 i n .  0. L). , 
7-3/64 i n .  1 . D .  and .070 i n .  t h i c k  was sea ted  i n  a spotface a t  the  base 

of t h e  p i e r  t o  provide the  gas  s e a l  between t h e  p i e r  and the  bus block. 

The spotface was crea ted  using an 11/32! i n .  d r i l l  t o  a w a l l  depth of 

,012 i n .  

t h i ck ,  and contained thre?  holes  t h a t  were used t o  b o l t  t he  s t a i n l e s s  

s t e e l  p i e r s  t o  t h e  bus block by means of  t h r e e  5/32' x 32 b o l t s  each 

The lowest s t e p  on the  p i r r  was 1-3/4 i n .  i n  diameter., 1/16 i n .  

5/16 in .  long. 

i n  diameter on a l - l / 2  i n .  b o l t  c i r c l e .  

I j.n. i n  diameter and 3/16 i n .  th ick .  This s t e p  served as t h e  base f o r  

t he  Marinite i n s u l a t i n g  di-sks.  

i n  diameter and l-1./2 i n .  1-ong. 

through the  I-ength of each pier. 'The t o p  of t he  p i e r  contained a t r ench  

that was used as a seat f o r  t h e  graphi te  washer. The t rench  w a s  approxi- 

matcly 0.264 i n .  I . D . ,  0.4S8 i.n. O.D.  and 1/16 i n .  deep. 

of t he  t rench  w a s  1/32 in .  1-ower than the  inner  w a l l .  

we l l s  1/16 i n .  i n  diameter were d r i l - l ed  along the  cy l inder  axis. 

The th ree  ho le s  i n  t h i s  s tep of t h e  p i e r  were 1.1./64 i n .  

The next s t e p  of t h e  p i e r  was 

The major po r t ion  of t he  p i e r  w a s  l / 2  in .  

A 1/8 i n .  diameter hole  was d r i l l e d  

The ou.tt:tr wa3.3.. 

Four thermocouple 

The graphi te  washers were prepared from Number 2 Graphi tar  by 

d r i l l i n g  a. 17/64 i n .  (: 0.265 i n . )  ho le  i n  a quan t i ty  of s tock which was 

Lhen turned t o  O.h25 in .  O.D. Washers were cut  o f f  from t h i s  stock with  

a th ickness  of approximately 1/16 i n .  and they  were subsequently ground 

t o  ihickncss  of from 0.035 i n .  t o  0.060 i n .  as needed~. Figure 9 shows 

these  washers i n  pos i t i on  i n  t he  t rench  a t  the  end of t he  s t a i n l e s s  s t e e l  

pi .er.  
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The weight of t h e  bus blocks i s  supported by two 1 i n .  O.D.  wooden 

dowels which r e s t  on t h e  f l o o r  and support t he  lower bus block. The 

weight of t h e  upper bus b a r s  i s  supported by a shori; 1 i n .  O.D.  wooden 

dowel loca ted  between the  upper and 1-ower bus b a r s  approximately one- 

t h i r d  of t h e  d i s t ance  from the  r e c t , i f i e r  te rmina ls  Lo t he  bus blocks.  

Figure 7 shows the tungsten cy l inder  mounted between t h e  s t a i n l e s s  

s teel .  p i e r s  but  without t h e  i n s u l a t i n g  Marini te  d i s k s  o r  var ious  i n s t r u -  

ments i n  pos i t i on .  I n  add i t ion  t o  the  two dowels t h a t  support  t he  bus 

blocks,  two o the r  dowe1.s may be seen i n  Figure 7. A wooden dowel. below 

the  lower bus b a r  and t h e  s h o r t  wooden dowel between t h e  upper and Lower 

bus b a r s  a r e  only used t o  ra i -se  the  upper bus b a r  and bus block du-ring 

t h e  pos i t l on ing  of t he  tungsten cyli-nder. 

dur ing  opera t ion  of t h e  experimental  apparatus .  

comparing F.i.giire 7 with Figure 6 o r  with Figure 10. 

These two dowels a r e  removed 

%mi.s may be seen by 

Figure 1.0 shows t h e  assembly of the  tungsten cy l inde r  with the  

i n s u l a t i n g  Marini te  d i sks  i.n pos i t i on .  

O.D.  and 1/2 i n .  I . D .  There a r e  t en  d i sks  which a r e  numbered 1 thro;rgh 

10 counting from the  boLtom up. Disks 1. through 3 and 8 through 10 a r e  

each 1 /2  in .  t h i ck .  

s t e e l  p i e r s .  

encl.ose the  tungsten cy l inder .  

The Marini te  d i s k s  a r e  1.-3/4 i n .  

These d i s k s  enclose t h e  lower and upper s t a i n l e s s  

Disks 1t through 7 a r e  each 3/8  i n .  t h i c k .  These d i sks  

“he Marini te  disks func t ion  i n  seve ra l  capac i t i e s .  They provide 

thermal  i n s u l a t i o n  around the  tungsten cy l inder .  They keep a blanker  

of t h e  coolant  gas  around the  tungsten cy l inder  during opera t ion  the re -  

by keeping ;htmospheri.c oxygen away from the  hot  tungsten sur face .  They 

provide the  mounting t o  hold t h e  s t a i n l e s s  s t e e l  hypodermic needles  t h a t  



4 ‘7 

Figure 10 

Photograph of the Mounted Tungsten Cylinder with Narini.te 
Insulation and InstrumentatLon 
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serve t o  mcasure the  voltaC;e drop across  the length  of the  tungsten 

cy l inder .  They proville t he  mounti.ng t o  hold the stai.nJ.ess s t e e l  

sheathed thermocoup1.e number 1.6 i n  p o s i t i o n  aga ins t  t he  e x t e r i o r  of 

t he  tungsten cyli-nder.  

There a r e  a nimber of sma1.l ho les  i n  t he  d i sks  which serve a 

va,ri.ety of piirposes. 

3 ,  and 8 which allow thermocouples 2, 3, l+ ,  and 5 t o  pass  through the 

Marini-te d.isks and be i n s e r t e d  i n  the  1/1.6 in. diameter thermocouple 

we1.l-s in the  stainless s t e e l  p i e r s .  T'flere are two 0.028 i n .  d imle te r  

ho les  i~n Marini te  d i sks  4 and '7 f o r  t h e  s t a in l e s s  steel .  hypodermic 

needles  and- a 1/16 in .  diameter hole  i n  d i s k  6 for t he  stalnl..ess s t e e l  

sheathed thermocouple number 16. Disks I+,  5 ,  6, and have a s e r i e s  of 

1/16 in .  diameter ho le s  d r i l l e d  through them 7.n the  plane of t h e  d isk .  

These holes  a r c  dri.l-l.ed a t  angl-es such t h a t  they  prevent  d i r e c t  r ad ia -  

t i v e  hea t  loss from t he  tungsten cyl inder  to t he  surrounding i-oom. The 

holes  a. l-10~ the  effluen'; coo1an.t gas to leave t h e  region around the  

tungsten cyl-inder. See Figjure 11. 

There a r e  f i v e  1./1.6 in .  diameter ho lcs  i n  d i sks  4, 5, 6, and 7 

There a r e  14/16 i n .  diarnet,er ho les  i n  d i sks  I, 2, 

(two i n  d i s k  7) dr i - l l ed  r a d i a l l y  i n  tile plane of t h e  d- i sk .  These holes  

a f f o r d  t h e  means of observing the sur face  of t h e  tungsteii  cy l inder  wi.th 

an o p t i c a l  pyrometer. See Figure 12. There a r e  holes i n  d i s k  number 5 

where thermocouples 6 and 7 are pos i t ioned  at two d i f f e r e n t  r a d i i  wi th in  

the  Marini te  d i sk .  
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Figure 12 

Photograph of t he  AssernbI.eri and Instruiiented Tungsten Cyli niier 
Showing t h e  Opti cal. Pyrometer i n  Position f'or VieI1in.g 



Gas System - 

The gas used t o  cool  t h e  tungsten cy l inder  was e i t h e r  high p u r i t y  

niLrogen o r  heliiun. Thc p ressure  of the gas w a s  regu3aCed and provis ion  

w a s  made f o r  measuring the  pressure ,  flow, and temperatiirc of the gas. 

A pressure  sensing switch w a s  included i n  t h e  system t o  shut off t he  

e1c.rsiri.c power t o  the  apparatus  i n  t he  event of a l o s s  or" prt'ssure i n  

thr. gas system. The layout  of t h e  gas  system i s  show; schcmatical ly  i n  

Fieu.re 13. 

Gas was suppl ied from commercial 2000 lb. /sq. i n .  compressed gas 

cy l inders .  From the  cy l inder  t he  gas passed through 2 pressure  re@- 

I.a%or where the  gas pressure  w a s  reduced t o  approximately 15 lb./sq. in .  

gauge. After  pass ing  through two c o n t r o l  valves, t h e  gas passed through 

two rotameters  i n  s e r i e s  and from t h e r e  i n t o  the  i n t e r i o r  cf the hol!ow 

tuxtgsten cy l inde r  via the  high-pressure f i t t i n g  on the  ~ G W C : ~ '  bus blcck.. 

The connections between t he  various components of the g a s  sysi;em 

were made by high-pressure a i r  hose coupl-ed. by means of quick-disconnect 

f'it,!;ings. G a s  p r e s su res  were measured by m e a n s  of' Rourdciri i;yptt> pressure 

gau.gfs on t h e  gas cy l inder  pressure  r egu la to r ,  a pressme gauge on t he  

out,pui of the  f i r s t  r~otcmete:r ,  and a, p ressure  gauge connected t o  t h e  

hol~l.ow tungsten cy l inder  a t  the  high-pressure f i t t i n g  on the  upper bus 

block.  

of merc:nry abo.ve atmospheric pressure ,  a mercury manoneter was connecteci 

th roq;h  a vs1.v~ t o  the output  f ran Lht? second rotameter.  k M~rcoid 

pri?ssure contro7.Led switch was connected -to the  hii:h-prf.s-i.i-r,c: f i  tt ,in@ 

(xi L k i e  uppt-~r tius bl-ock. 

turn off  -the r c c - t i f i e r  power i n  t he  event gas pressure  was l o s t  w i t h i n  

For p rec i s ion  pressure  measurement up t o  approxknately O o  crri. 

The func t ion  of t h i s  Mercoid switch was t o  
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t he  hollow porous tungsten cy l inde r  during ai experimental. r im.  

Several  components of the  gas system can be secn in Figure 14. 

gas l i n e s  and other  p a r t s  o€ the  gas system can be seen i n  Fi,gure 6. 

The 

Gas temperature was measurcd by means of a gas thermometer i n  the  

gas i n l e t  l i n e  at a po in t  j u s t  byfore thc  gas entered the  lower bus 

bl-ock. 

t he  gas flow w a s  done by means of a wet t e s t  meter. 

See Figure 6. Ca l ib ra t ion  of' the two rotameters  used t o  measuure 

The i n t e g r i t y  of the  gas system w a s  v e r i f i e d  p e r i o d i r a l l y  by r e -  

p l ac ing  the  hollclw porous tungsten cy l inder  with a hollow cyl inder  of 

s o l i d  b r a s s  and by rep lac ing  the  g raph i t a r  washers with  neoprene O-rings. 

G a s  was introducPr3 i n t o  the now c.l.osed system a t  a pressure  i n  excess of 

t h a t  used i n  a c t u a l  operat ion.  

gas supply and observed f o r  pressure  Loss over a. per iod of several 

minutes. The absence of pressure  loss  during t h i s  per iod  v e r i f i e d  t h e  

i n t e g r i t y  of the gas  system f o r  t h e  purposes of' t h i s  study. 

The system was then i s o l a t e d  Prom t h e  

Instrumentat ion 

A number of instruments were used to measure parameters of t h e  

experimental  system. Temperatures were measurcd by means of thermo- 

couples,  thermometers and an o p t i c a l  pyrometer. Two potent iometers  

were used t o  measure the  thermocouple vol tages  and the  voltage drop 

ac ross  po r t ions  of t h e  d i r e c t  cur ren t  hea t ing  c i r c u i t .  Measurements 

of t h e  gas f l o w  were made by means of' rotameters ,  p r e s s m e  gauges, and 

a mercury manometer. Other instruments  weye used during assembly of 

the  expcrimmtal  apparatus in prepara t ion  for runs and t o  monitor the  

operat ion of the  r e c t i f i e r .  



Fhotograph of  the Controls  and. Instrumentat ion of t h e  
Exper inlent al. Appara tiis 
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Tmpera turcs  wcrc’ mrasurcd a t  several  locations with in  t h c  expLri- 

m e n t a l  apparatus .  Thc t,emperature of the coolant  f l u i d  wa s me3 sured 

by <m immcrsion LhcJrmometer in t h c  gas i n l e t  l i n e  j u s t  bclow thc lower 

bus block. Chrome-alumel thermocouple:; with an 

icc-water rc ference  junc t j  on were used t o  measure tempcrrt,urPs a t  11 

points with in  the  apparatus.  Temperatures were measired r-t the  po in t s  

designated i n  F i g u r p  15 as 1 through 8, 14, and 1.6. 

See Figures  6 and 13. 

Two potent iometers  were used t o  measure the voltage produced i n  t h e  

thermocouples. A portaLle ,  laboratory type potent iometer  with self con- 

t a ined  b a t t e r i e s ,  stnndard cell, and galvanometer was used Tor rough 

measurernc)nts, and f o r  measurements when t h e  temperature of the system 

w a s  changing rapidly. When t h e  system was close t o  dynamic i .cpil ibsium 

a k e d s  and Nor.thrdpi K - 5  p r e c i s i o n  potcntiometer was used i n  conjuriction 

with a Lecds and Northriip ballistic galvanometer f o r  more pri’cisc: meas- 

urpmcnt;. A n  external  s t m d a r d  cell was used f o r  the  calibration of 

the K - 3  potentiometer and an c x t e r n a l  2-volt storage battc?I’y w a s  used 

t o  providc the  br idge  power supply. A double pole, double throw switch 

enabled n i t h c r  potent jometer  t o  be connected t o  t h e  output of‘ a 29 

p o s i t  ion t,hcrmocouple selector switch.  

Optic 17. Pyrometer and Cathe t om? t e r  

M?asuri~mcrits of the  sur face  temperature of t h c  tungsten cy l inder  

were taken vith a Leccir; aid Northrup potcnt iometer  type opt ica l  pyrom- 

etcAr, model niimbcr 8621-C. This a p t i c a l  ppomete r  was aZ,tachetl t o  the  

te lcscope  mount of a cathetometer by means of  an especia,ll-y dc2signed 

mount. The o p t i c a l  pyrometer mountcd on t h e  catlietomctcr i s  shown i n  
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Figure 6, 

face  o f  t h e  porous i,ungzten cy l inder .  The sur face  of the  tun:-:stcln 

cy l inde r  w a s  o b w r v e d  t,hrou[:h f i v e  radi  a1 holes  i n  t h e  Mwin i t e  ciisks 

t h a t  encloscd t h e  tungsten cy l inder .  See Figures 11 m d  12. 'I'ht.s.- 

ho les  were 1/16 in .  i n  diameter and 5/8 in .  long:. The r e l a t i e  ver t i -  

The Icns of the  o p t i c a l  pyrometer was 11 i n .  f u . 0 ~ 1  t h c  sur- 

ca'l p o s i t i o n  of the  opt ica l  pyrometer a t  each of t h e  f i v e  obwrva t ion  

holes was measured i n  hundredths of cm. from t h e  cathetometer sca le .  

These temperature and p o s i t i o n  measurements, j-n conjunction w i t h  t h e  

r e l a t i v e  v e r t i c a l  p o s i t i o n  of the  lower end of t h e  tungsten cy l inder ,  

descr ibrd  t h c  tungsten cy l inder  sur face  temperature d is t r iLut iGn along 

t h e  cy l inder  axis. 

Voltage and Pmnei-age Probes 

The ohmic power generat ion i n  t h e  tungsten cy l inder  was determind.  

by measuring the  d i r e c t  cur ren t  f lowing through the  Tungsten cylinr3c-r 

an4 thc voltage drop over a known f r a c t i o n  of t h e  cy l inde r  length.  

The two potent iometers  used f o r  thermocouple vol tage measurment s wew 

a l b j O  used t o  rne%lsure t h e  cu r ren t  flow and vol tage drop in thc. tungsten 

cylinder. Amperage wa.s determined by measuring t h e  vol tage drag acrosd 

the  ammeter shunt provided wi th in  the  r e c t i f i e r .  The shunt i 'aetor of 

the ammeter. w a s  I 20. amperes/rnil l ivolt .  

Thc vol tage drop along the  tungsten cy l inder  was measured using 

two hyporlerrnic ncedlcs  as probes. The nPedle.2 were s t a i n l e s s  s t e e l ,  

size B-TI 22, which had an O.D.  of 0.028 i n .  The o r i g i n a l  2 i n .  l ength  

of t he  ncedlps vas cu t  down to 7/8 i n .  which also served t o  b lun t  the 

necdlcs .  These probcs passcd through two r n c l i a l  holes i n  the Marini?? 

d i s k s  t h a t  had h e m  d r j l l e d  with a number '70 d r i l l  (0.028 i n .  O . D . ) .  



T'nese holks  were i n  d i s k s  4 a d  7. Sce Figures 10, I.]., and 15. The 

needl-es touched thc  twigsten cy1.i nder at two poi.nts approximately 

1.1 in .  a p a r t .  

t o b a l  cy l inder  length .  The p rec i se  sepa ra t ion  of t h e  two v i s i b l e  con- 

t a c t  p o i n t s  on the t-ungsten cy3-j-nder was measured followi.ng a run. 

This general.1.y represented  approximately 3/4 of t he  

'l'he ohmic power genera t ion  i n  the region of  the  cy l inde r  between 

the probes was ca lcu la t ed  d i r e c t l y  from t h e  cur ren t  and probe vol tage  

drop. Through the  use of  o the r  d a t a  the  ohmic power generati-on i n  the  

e n t i r e  tungsten cy l inder  w a s  ca lcu la ted .  A l i n e a r  ex t r apo la t ion  of t h e  

power generatiori  between the  probes t o  t h a t  of t he  e n t i r e  cy l inder  w a s  

a good. f i r s t  es t imate  of the t o t a l  power generat ion.  

Other In  s trurnon t a t  i on 

A Leecis And Northrup Kelvin Bridge, model 4340, that measured 

resi . , tances on the  order  of 100 microhms was used t o  measure ihe r e s i s -  

t m c e  between the  tvo bus blocks measured through t h e  tungsten cy l inder  

and graphi te  imshers.  The Kelvin Bridge i s  shown i n  Figure 14. Thesg 

mertsurements were made during the  mounting of a tungsteri cy l inder  i n  

prepard t ion  f o r  a run and provided a u s e f u l  means of determining m p i r i -  

c a l l y  when thc  tungsten cy l inder  a d  graphi te  washers were i n  uniform 

and stable contac t  r r i t h  t he  p i e r s .  Figure 7 shows the  tungsten cy l inde r  

mounted on Graphite washcrs betwemi the  s t d i n l e s s  s t c e l  p i e r s .  The two 

leads from the  Kelvin Bridge are conriectcd t o  te rmina ls  on the  upper and 

lowor bus blocks.  For a run the  leads from t he  Kelvin br idge  a r e  d i s -  

conncctcd from the  bus block terminal s as may be spcn i n  Figure 10. 

POWP~ for t he  Kelvin Bridge was suppl ied by a 12-vol t  s torage  ba t tp ry .  
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Thr Kelvin Byidge was not uscd during runs when the  r e c t i f i e r  wx:; in 

opcrat ion.  

The po r t ab lc ,  1 aboratory typc potentiometer was used i n  conjimction 

with the  Kelvin Bridge t o  measure r e s i s t a n c e  i n  t h e  c i r c u j t  formild by 

the. bus blocks,  p i e r s ,  washers, and the  tungsten cy l inder .  Use of the  

Kelvin Bridge was necessary because the  r e s i s t a n c e  of  the  c i r c u i t  made 

up of t he  tungsten and graphi te  was too  small t o  be measured by an o r d i -  

nary vacuum tube volt-ohm-milliammeter by a €ac tor  of from 100 to 1000. 

Ex per  i.me n t a 1 Proc e dur e 

The experimental  procedure i s  descr ibed below. 

1.  P r i o r  t o  the  start of a run t h e  ends of the  tungsten cy l inder  

were ground flat ,and perpendicular  t o  t h e  axis of‘ the  cy l inder ,  as 

needed, i n  ordcr  t o  remove any rough spo t s  t h a t  m&y have r e s u l t e d  €ran 

thermal- s t r e s s e s  during t h e  shutdown from the previous rim. The dimen- 

s ions  C J ~  t he  cy l inder  were measlured mcl the  cy l inder  was weighted. The 

flat f aces  of tht, graphite washers were ground i n  order  t o  achieve 

smoothness a s  well as Lo obta in  t h e  des i red  washer th ickness .  

2, The tungsten cy l inder  was asssembled i n  the  apparatus  and an 

acceptable  contact  r e s i s t a n c e  was es t ab l i shed  using empirical  mneasiirc’- 

mmts with thc  Kelvin br idge a s  a guide. 

3. When the  tw-gsten cy l inder  had been mounted i n  a configurat ion 

which afforcied a good p r o b a b i l i t y  f o r  a successfu l  run,  the  f i n a l  i n s t r u -  

meritation was i n s t a l l e d  on the  tungsten cy l inder .  This includcd p u t t i n g  

i n t o  p lace  Marini t e  i n s u l a t o r s ,  thermocouples, vol tage probes, i n t e rna l  

arid exi ernal sheathed thc>rmocouples, and the  Marini te  d i  :sk hol d-down 

springs.  
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4. The gas flow was s t a r t e d  through the  cy l inder .  If no gas l eak  

developed a t  the  ends of t h e  cy l inder ,  e l e c t r i c  hea t ing  of' t h e  cy l inder  

w a s  begun. The hea t ing  of the  cy l inde r  war, allowed t o  proceed slowly 

unti.1 a heat, genera t ion  r a t e  and gas fl.ow r a t e  were reached a t  which 

measiiremcnts of t h e  system were t o  be made. 

5. With the system at  or  near  dynamic equi l ibr ium, measurements 

.were made of those va r i ab le s  necessary t o  evaluate  the hea t  t r a n s f e r  

c o e f f i c i e n t .  I n  t h e  event t h a t  an adequate approach t o  equi l ibr ium 

coiild not be obtained, due t o  contact  r e s i s t a n c e  probl.ems, it was then 

necessary t o  shut  off the  e l e c t r i c  power, cool  t h e  system w i t h  the  

coolant  gas, and begin again a t  s t e p  1 o r  s t e p  2. 

6. When suff ' ic ient  measurements had been made at one e l e c t r i c  

power l.eve1 and gas  flow r a t e  t h e  system could be s h i f t e d  t o  another 

equi l ibr ium condi t ion by a l t e r i n g  e i t h e r  t he  e l e c t r i c  power l e v e l ,  o r  

the gas  f!m r a t e ,  o r  both. When the  new equi l ibr ium had been obtained, 

aeasurements could be resumed a t  s t e p  5 .  

7. When the  measurements had been f in i shed  the  system was shut 

down by tu rn ing  o f f  t h e  e1ectri .c power and l e t t i n g  t,he gas fl-ow u n t j l  

t h e  cy l inder  temperature had. been reduced t o  near  room temperature.  



DISCUSSION OF RESULTS 

Experimental Developments 

The major d i f f i c u l t y  i n  developing t h e  experimental  apparatus  

which w a s  used i n  the  s tudy by Farber (10) and i.n t h i s  work was cbta in-  

ing and maintaining uniform mechanical and e l e c t r i c a l  contact  bt.twef;n 

t,he porous tungsten cy l inder  and i t s  mounting. Mechanical contac t  wa:: 

nceded t o  ob ta in  a gas s e a l  between the  t imgsten cy l inder  arid the  

s t a i n l e s s  s t e e l  p i e r s .  

t a i n  the  hea t  generat ion wi th in  the  tungsten cy l inder .  

E l e c t r i c a l  contac t  w a s  needed j n  order t o  rmin- 

Early at tempts  a t  mounting the  tungsten cy l inder  betwpen the copper 

bus b locks  us ing  s t a i n l e s s  s t e e l  d i sks  (approximately ri/4 i n .  t h j c k )  

demonstrated a number of problems. The tungsten 

t o  the  stainless s t e e l .  The e l e c t r i c a l  metal  t o  

was very unpredictable .  Gas leakage occurred a t  

faces .  A s i g n i f i c a n t  axial temperature grad ien t  

cy l inder  tended t o  weld 

metal  contact ye s i  s tance 

the  rnetsl t o  nir:tal i n t e r -  

indicaxsd thaC there WBB 

an appreciable  heat l o s s  from the  cy l inder  i n t o  the  s t a i n l e s s  dis'cs and 

thP copper bus blocks.  The considerat ion of t he  axial heat f>lm i n t r o -  

duced 8 s i g n i f i c a n t  increase  i n  the complexity of tthc anaLy.:i.; needed to 

evaluate  the hea t  t r a n s i e r  c o e f f i c i e n t s .  While it was not poss ib le  t o  

e n t i r e l y  e l imina te  the cons idera t ion  of t h e  axial. heat, f '1. i~ it was des i r -  

ab le  t o  reduce t h i s  e f f e c t  as much as poss ib le .  

Al.1. of' the  preceding problems were a l l e v i a t e d  t o  the  degree nec- 

e s sa ry  to ob ta in  successfu l  operat ion of t he  experimental  apparatus by 

the  in t roduct ion  of graphi te  washers between the  tungsten cy1.inder and 

the  stainless s t e e l  mourrts. The s t a i n l e s s  s t e e l  moimts were modified 

from d i sks  t o  p i e r s  and a washer s ea t  w a s  cu t  i n  the end of the  p i e r  
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which served t o  pos i t i on  the  graphi te  washer. The outer  l i p  of t h e  

washer sen t  w a s  lower than the  upper surface of the  graphi te  washer 

when the  washer was i n  place i n  the  p i e r .  This prevented contac t  and 

the re fo re  welding between the  tungsten cy l inder  and the  p i e r  along the 

outs ide  wall of the  tungsten cy l inder .  No major welding problems 

developed between the  i -n te r ior  l i p  of t h e  graphi te  washer groove and 

Lhe i n s i d e  w a l l  of t he  tungsten cy l tnder  even though t h i s  l i p  pl-otruded 

a.bove the  upper sur face  of t h e  graphi te  waxher by approximately 0.015 i n .  

The r e l a t i v e l y  s o f t  washer reduced the  u h p r e d i c t a b i l i t y  i n  the  

contac t  r e s i s t ance ,  and e s s e n t i a l l y  eliminated. gas l o s s  a t  the ends of 

t.he cy l inder .  This was v e r i f i e d  by rep lac ing  the  hollow porous tung- 

sten cy l inder  w i t h  a hollo17 s o l i d  b r a s s  cy l inder  of the  same dimensions. 

The b ras s  cy l inder  w a s  mounted between the  p i e r s  using the  graphi te  

washers t o  pi-ovide the  seal between the  cy1.i-nder and the  p i e r s .  The 

gas system was pi-essuri-zed to  a value above t h a t  found wi th in  the  tung- 

s t e n  cy l indcr  during experimen.tal runs. The gas system was closed and 

fou.nd t o  show no pressure  loss f o r  a t e s t  per iod of several. minutes. 

The washers a l s o  provided a high e l e c t r i c a l  r e s i s t ance  and the re fo re  

served 2s a heat  source a t  t he  ends of the  tungsten cy l inder .  This 

served t o  f l a t t e n  the  axial  temperature grad ien t  by reducing heat; l o s s  

f'rou the  tungsten i n t o  t h e  p i e r s .  Even with the  use of t he  graphite 

washers the  remaining u n p r e d i c t a b i l i t y  of t he  contac t  r e s i s t a n c e  r e s u l t e d  

i n  s i g n i f i c a n t  axi.al. temperature g rad ien t s .  Duying the  experimental  runs 

the  a x i a l  hea t  flux i n t o  the  ends of the  tungsten cy l inder  ranged from 

7 t o  108 percent OP the  hea t  generated wi th in  the cy l ihder  by e l e c t r i c  

heaLing. 
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Since thc  experimental. appara tus  was descr ibed by t h i r d  order  

diU'erentia7 equat ions t h e  determination of the  hea t  t r a n s f e r  cotlffi  - 
c i e n t  i n  the  porous tungsten requi red  the  eva lua t ion  o€ a t o t a l  df five 

boundary condi t ions.  These five boundary condi t ions  allowed cval ua t ion  

of t h e  f i v e  uriknown c o e f f i c i c n t s .  m e s e  c o e f f i c i e n t s  were the  threc. 

coef'f ' ieients of i n t e g r a t i o n  of t he  d i f f e r e n t i a l  equat ion,  t h e  hea t  t r a n s -  

fer c o e f f i c i e n t  and t he  conduction co r rec t ion  factor f o r  thermal  a n d  

e l e c t r i c a l  conduction. 
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Boundarv Conditi ons m d  Method of  Solut ion 

F i r s t  Boundary Condition 

I n  measuring the  f'irst, boundary condi t ion r a d i a l  symmetry was 

assumed f o r  t h c  tungsten cy l inder  which r e s u l t e d  i n  no cons idera t ion  

of y dimensional parameier v a r i a t i o n  for i he  f l a t  p l a t e  model of t he  

hollow cy l inde r .  The f l a t  p l a t e  model was considered t o  be l i m i t e d  i n  

t h e  y dimension by ad iaba t i c  w a l l s .  

The axial sur face  temperature v a r i a t i o n  w a s  observed with an op t i ca l  

pyrometer through f i ~ v e  1/1.6 i n .  diameter ho le s  i n  the  enc los ing  Marini te  

d i sks .  These tenrperature-posit ion paj  rs wei-e analyzed t o  ob ta in  the  

c o e f f i c i e n t s  of a t r imcated F o m i e r  s e r i e s  ( f i v e  terms)  t h a t  provided a 

desc r ip t ion  of t h e  z dimensional temperature va r i a t ion .  'The o p t i c a l  

pyrometer ho les  i n  t h e  Marini te  d i sks  were assumed not  t o  per.turb t h e  

assumption of r a d i a l  symmetry. It w a s  also assu-med t h a t  the  small. r ad ia -  

t i o n  loss  from these  holes  al.l.owed them t o  be t reated.  as viewing ho le s  

f o r  a black body. While t h i s  assunipkion would be s t r ic t1 .y  t r u e  only i n  

t h e  case of  a body which has 1.mit.ary emissivi-ty or from which the re  w a s  

no ne t  hea t  t r ans€e r  t o  the  wa1l.s of i - t s  enclosure,  i t  w a s  be l ieved  t h a t  

t he  r a d i a t i v e  shieI..ding of t h e  Marini te  d i sks ,  t h e  rou@mess of thc po- 

rous tungsten sur face ,  and i n  p a r t i c u l a r  t he  s l i g h t  oxide o r  n i t r id -e  

coa t ing  on t he  tungsten sur face  would a l l  combine t o  j u s t i f y  the  assump- 

t i o n  of ii.ni.tar-y emiss iv i ty .  

Tables of co r rec t ion  f a c t o r s  f o r  o p t i c a l  pyrometric temperature 

measurements show that i n  the temperat-dre range of €300"~ t o  1000°C t he  

e r ror  i.il t hc  temperature measured i s  from 5°C t o  8 ° C  f o r  a s p e c t r a l  

emis s iv i ty  of 0.9 and from 19°C t o  2 7 " ~  f o r  a sp i?u t ra l  cmis s iv i ty  OF 0.7. 



A l l  radiat , ion considered i n  this study was assumed to be gray body 

r a d i a t i o n .  

The observations of the outside w a l l  of' the tungsten cy l inder  gave 

the s o l i d  phase temperature as a function of z position and provided one 

boundary condition, T(Z)I~,~. 



66 

Second Bound a .  Cond it  i on 

A network of ho les  were d r i l l e d  i n  Marini.te d i sks  number 4 through 

-.--- - 

7 which surrounded t h e  tungsten cyli.nder i n  order  t o  provi.de an e x i t  

f o r  t h e  coolant  gas which w a s  emerging from Lhe ou te r  sur face  of ',he 

tungst,en cy l inder .  Thus the re  w a s  no axial. gas flow along t h e  outs ide  

w a l l  o r  t he  tungsten cy l inder  and convective hea t  loss from t h e  cy l inde r  

was neglected.  In  order  t o  eva lua te  t h e  radi-at ive hea t  I.oss from the  

tungs ten  t o  the  Marini te ,  a second s e r i e s  of  Four ie r  c o e f f i c i e n t s  were 

devel-oped which descr ibed t h e  z d-imension v a r i a t i o n  of  (TOR) . 
c o e f f i c i e n t s  were needed i n  order  t o  obta in  a mean value of  (TOR) 

was needed t o  eva lua te  the yad ia t ive  hea t  t r a n s f e r .  

i s  not necessaril..y equal  t o  the  f o u r t h  power of t h e  mean of TOE. 

4 These 

4 t h a t  

4 
The m e a n  of (TOR) 

The ins ide  wall. temperature of t h e  Mar<-nite w a s  determined ind i -  

rectly by measuring t h e  t e m p e r a h r e  at o the r  po in t s  i n  the Marini te  

d i s k s  and solving a hea t  balance involving t h e  hea t  flow r a d i a l l y  out-  

w a r d  through the  Marini te  d i sks .  Tnermocouple number 7 w a s  l oca t ed  i n  

a 1/16 in.  diameter v e r t i c a l  ho le  i n  Marinj-te d i s k  number 5 .  This w a s  

one of  €ow holes which were dri.3.J-ed i n  each of t h e  four  c e n t r a l  d i sks  

t o  reduce the  m a s s  of the  Marini te  d i sks  and i.mprove t h e i r  i n s u l a t i n g  

p rope r t i e s .  The hole  containi.ng thermocouple number 7 was separated 

from the  i n s i d e  w a l l  of the  Marini te  di.sk by l e s s  khan 1/1.6 i n .  of  

Marini te .  

Marj-nite di-slc number 5 .  

Tnermocoup1.e number 6 was loca ted  near t h e  ou te r  edge of  

The hea t  flow through t h e  Marini~te  and the in s ide  wall temperature 

of the  Marinite d i sk  w a s  evaluated by two methods. The f i rs t  method was 

t o  solve a coiiductiorc heat  balance using the  temperatures of  themo-  

co lq l e s  6 and 7 which were imbedded i n  t he  Marini te  d i sk .  2113s was the  



67 

s impler  method b u t  some mechai ical  d e t e r i o r a t i o n  of {,he Marinitc cii sks  

r e s u l t e d  i n  cracking of t h e  t h i n  web between the  i n s i d e  w a l l  of t he  

Marinj t e  d i s k  and t h e  hole conta in ing  thermocouple number 7 .  This 

thermocouple was then exposed t o  some d i r e c t  r a d i a t i o n  from the 

tungsten cy l inde r  as wel l  as t,o some of t h e  e f f i i l en t  coolant  gas from 

t h e  tungs ten  cy l inder .  

I n  order  t o  avoid t h e  poss ib l e  inaccurac ies  which could r e s u l t  from 

t h e  exposure of thermocouple number 7 t o  t h i s  v a r i e t y  of temperature 

sources ,  a combined r a d i a t i o n  and conduction h e a t  balance w a s  solved 

using t h e  temperature of  t h e  tungsten cylinder, t he  thermal conduct iv i ty  

of t h e  Marini te  d i s k s  and the  temperature a t  thermocouple number 6 i n  t h e  

Marinj te  d i sk .  Thjs r e s u l t e d  i n  a q u a r t i c  equat ion which when solved 

provided the  i n s i d e  wall temperature of t h e  Marini te  d i sk .  The r a d i a t i v e  

hcat. loss from the  tiingsten sur face  could now be evs1.uated. 

Since t h e r e  WZLS only one p a i r  of' thermocouples imbedded i n  the  

Mai-ini t e  di sks, the  va lues  obtained for t h e  Lnside w a l l  temperature of 

the Marini te  st; t h e  axial posit,ion corresponding t o  Lhe imbedded thermo- 

couples  was taken t o  'oe t he  mean temperatu.re f o r  the e n t i r e  i n s i d e  wall 

of t h e  Marini te  disks. No a x i a l  hea t  flux j n  t he  Marini te  was eonsidcrcd. 

T1li.s w a s  probably a good es t imate  because thermocouple number 6 was lo- 

ca ted  a x i a l l y  near t h e  cen te r  of the  tungsten cy l inder .  

tempera7,ure grad ien t  i n  the Marini te  would tend t o  be flntt,eried by the  

hea t jng  of' disk:; numoer 3 and 8 clue to t h e  hea t  these  two d i s k s  1-eceived 

Also any a x i a l  

from i h r  region a t  t he  tops of each of t he  s t a i n l e s s  steel pjers .  The 

graphit,(. washers produccd a hea t  source i n  t h i s  region of' the p i e r  which 

si.rvcd to reduce conduction hea t  l o s s  from the  tungsten cy l inder .  This 

hcat, xias t ransCerrcd t o  d i sks  number 3 arid 8 which were at, +,he m d s  of  
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the four  d i sks  which actua7.ly enclosed the  tungsten cy l inder .  

Since t h e  hca t  l o s s  from t h e  tungsten sur facc  t o  the  enclosing 

Marini te  d i sks  could now be ca l cu la t ed ,  the  second boundary condi t ion,  

dT/dx(z)l x=l' could now be evaluated.  

"hi r d  Boundarv Condi t i o n  

The t h i r d  boundary condi t ion w a s  the temperature of t h e  f l u i d  a t  

t h e  poin t  or e n t r y  i n t o  the 'oorous w a l l .  from ins ide  the  hollow cyli-nder,  

t(z)lx,O. 

s idered .  This temperature corresponded t o  the  use of a s ing le  cons tan t  

term i n  a Fourier  series. It w a s  considered necessary t o  t a k e  i n t o  

account t he  hea t  absorbed by the  gas from the  t i m e  it en tered  khe lower 

bus block a t  e s s e n t i a l l y  room temperature u n i t 1  it entered  t h e  i n s i d e  

w a l l  of t he  porous tungsten cy l inder .  

N o  z ax i s  v a r i a t i o n  i n  the  i n l e t  f l u i d .  temperature w a s  con- 

The passage of t he  gas i n t o  t h e  i n t e r i o r  of  t h e  ho1 l .o~  cy l inder  

involved two preheat ing phases.  The fTrst occurred as t h e  gas passed 

up through t h e  r e l a t i v e l y  cool bus block i n t o  the  lower p i e r .  One end 

of t he  p i e r  was a t  a temperature comparable t o  t h a t  of t he  tungsten.  

The thermocou.pl-e we l l s  i n  the  lower p i e r  provided a temperature p r o f i l e  

al.ong the  e n t r y  pa th  of the  gas. The temperature of t h e  p i e r  a t  t he  

end of tile p i e r  where the  gas l e f t  w a s  es t imated t o  be equal  t o  t h e  

temperature of  the  lower end of t he  tungsten cy l inde r .  This assumption 

was made i n  s p i t e  of the  f a c t  t h a t  t he  g raph i t e  washer i n  t h e  end of 

t.he pi.er probably produced a hot  spot, i n  t h i s  region bu t  t he  tungsten 

end temperature was 'he only value avaj.1abl.e. 

Tie ca l cu la t ions  for the  preheat ing of the  gas were based on the 

assumption t h a t  laminar flow had been establ- ished i n  t h e  1/8 i n .  



diameter  gas  inlet ,  passage i n  which the Reynolds number w a s  on t h e  

o rde r  of 10 . Equations c i t e d  by McAdams (21t) were used Lo es t imate  

t h e  value of t h e  hea t  t r a n s f e r  c o e f f i c i e n t  i n  the l/8 i n .  e n t r y  passage. 

A s e r i e s  of prehea t ing  c a l c u l a t i o n s  were c a r r i e d  out assiimi.ng a l i n e a r  

v a r i a t i o n  of' t he  temperature i n  t h e  bus block and lihe p i e r  between each 

of %he thermocouple we l l s .  The gas prehea t ing  i n  the p i e r  f o r  n i t rogen  

was found to be from 120 to  230 degrees F. The p i e r  prehea t tng  f o r  

Helium was from 360 t o  740 degrees F. 

-1 

The o the r  gas prehea t ing  cons ide ra t ion  was t h e  assumption that 

a f t e r  t he  incoming gas l e f t  t he  p i e r  it wou1.d absorb a l l  of -the hea t  

t r a n s f e r r e d  t o  the  sheathed s t a i n l e s s  s t e e l  thermocouple number 14 by 

r a d i a t i o n  from t he  ins-i.de w a l l .  of t h e  timgsten cy l inde r .  This w a s  

considered t h e  most reasonable assumption s ince  the  n a t w e  of' the flow 

over t h i s  thermocouple was n o t  we l l  known. While t h e  ax:i.al flow of t h e  

gas e n t e r i n g  the cyl-inder and absorbing h e a t  from t h e  i n s i d e  cy l inde r  

wal .1  and the coaxi a! sheatlied thermocouple could conceivably produce 

an axial. gas temperature p r o f i l e ,  t h i s  f a c t o r  was neglec ted .  Since 

axial flow e f f e c t s  were neglec ted  no cons idera t ion  was given t o  any hea,t 

l o s s  from the in s ide  w a l l  of the tungsten cy l inde r  d i r e c t l y  i n t o  t h e  in-  

coming gas. The e r r o r  analysis a t  a l a t e r  po in t  i n  t h i s  F T O ~ ~  w i l l  show 

t h a t  these assumptions are j u s t i f i e d .  

Fourth Boundary Condition 

'me f o u r t h  boundary condi t ion  was 1 he tempcrature g rad ien t  i n  t h e  

tungsten a t  t he  i n s i d e  wall of t h e  tungst,en cy l inde r ,  dT/dx(z)lx-O. 

The t cmnpersturc g rad ien t  was c-valuatcd by two methods. 

was t o  solve a r a d i a t i v e  hea t  balance between t h e  i n s i d ?  wall of the 

The f i r s t  mpthod 
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tungs ten  cy l inde r  and t h e  stai  n l c s s  s t e e l  sheathed thermocouple number 

14. This method requj red  an es t imate  of t h e  temprrature  of t,he i n s i d e  

w a l l  of t he  tungsten cy l inder .  

It w a s  found t h a t  the  tungsten cyl-inder wall temperature p r o f i l e  

w a s  very f l a t  and t h a t  t he  i n s i d e  w a l l  tern2eratur-e was wj th in  a f'ew 

degrees of t h e  ou t s ide  wa l l  temperature a t  any given pos i t j on  along the  

cy l inder  a x i s .  Accordingly t h e  z a x i s  temperature p r o f i l e  a t  t he  i n s i d e  

wall of t he  tungsten cy l inder  was taken t o  be the  same as t h a t  of the 

o u t  s ide  w a l l .  

Est imates  of the  Tadia t ive  t r a n s f e r  from the  twigst,cn w a l l  t o  t he  

coaxi a1 thermocouple were complicated by t h e  f a c t  t h a t  t h e  thermocoup7 e 

sheath extended i n t o  +he i n t r r i o r  of  t h e  tungsten cy l inde r  f o r  on ly  about 

ha l f  of the  length  of  the  tungsten cy l inder .  This problem w a s  circum- 

vented by assuming a Dseudo thermocouple i n  t h e  form of a coaxial  cyliri- 

der t h a t  extended the  e n t i r e  length  of t h e  tungsten cy l inder .  'This 

pseudo thermocouple had the same sur face  a rea  as the  po r t ion  of t he  r e a l  

thermocouple in s ide  the  turigs ten  cy l inder ,  and the  pseudo thermocouple 

had a correspondingly smaller  rad ius .  

4 The mean o€ (TOR) a t  the  i n s i d e  w a l l  of t h e  turigsten cy l inder  was 

used i n  t he  r a d i a i i v e  hea t  t ra r i s fe r  ca l cu la t ions .  The e n t i r e  length  of 

t he  pseudo thermocouple w a s  assumed t o  be a t  the  temperature of  thermo- 

couple number 14. From the  rough, oxidized,  and blackened condi t ion  of 

the  sheathed thermocouple i t s  emis s iv i ty  w a s  es t imated  t o  be 0.95 and 

i m i t a r y  em; ssivi t y  was again assumed f o r  the tungsten.  

The second meihod f o r  eva lua t ing  the temperature gi-adi en t  a t  t h e  

i n s i d e  wall of t h e  tungsten cy l inder  w a s  t o  remove the  sheathed Lherrno- 

counlc number 14. This c rea t ed  a r a d i a t i v e  b lack  box ins ide  t h e  tungsLt.n 
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cy l inde r  -in which the  ne t  temperature grad ien t  a t  the  inside w a l l  of the  

tungsten cy l inde r  would be zero. However, s ince  the re  was genera1.l.y an 

a x i ~ a l  temperature gradi erit aloni: the  outs ide  w a l l  of t he  tungsttm cyl in-  

der ,  and s ince  this gradien t  was propagated through the  tunigstm w a l l ,  

there  would gene ra l ly  be the s<me axial grad ien t  along tlle i.nside w a l l .  

of t he  tungsten cy l inde r .  The i.nsi.de w a l l  of t he  cy l inder  would not 

then be s t r i c t l y  adiabat i -c  but, i t  w a s  assumed t o  be so  s ince  the  e f f e c t  

of the  r a d i a t i v e  exchange i n s i d e  t h e  cy l inder  would tend t o  reduce the 

a x i a l  temperature grad ien ts .  

The use of t h i s  second method f o r  es t ,abl ishing the  f o u r t h  boundary 

condi.tion was reasonable and even des i r ab le  s ince  i.t e l iminated the  need 

for the  r a d i a t i v e  hea t  t r a n s f e r  ca l cu la t ions  and a lso el iminated the  need 

f o r  one of t he  two gas  prehea t ing  cons idera t ions .  

F i f t h  Boundary Con?i.tj.on 

The condiuction co r rec t ion  f a c t o r  t o  be used. i n  the  eqi.ia.tions f o r  

thermal and e l e c t r t c a l  conducti.on was .not known. In order to evaluate 

t h i s  f a c t o r  along wi~th the vol.utnetric heat t r a n s f e r  c o e f f i c i e n t s  and the  

th ree  cons tan ts  of i n t eg ra t ion  i . t  was necessary t o  measure a f i f t h  

boi.ind.ary condi t ion.  The f i f t h  boundary condi t ion was t,he amoi.int of heat 

generated i n  the  length  of the tungsten cy l inder  between the  two voltage 

probe:;. By assuming t h a t  t he  thermal and e l e c t r i c a l  conductlon correc-  

t i o n  f a c t o r s  a re  the  same and hiowing the  temperature dependence of the  

e 1 e c t r i c a 1  r e  s i s t i vi. t y , the  length  - over - a r e  a c ondiie t i. on c or  r e c t i on fat: t or 

c ~ t n  be e v a l m t e d  when the temperature d i s t r i b u t i o n  i n  the  tungsten cyl-in- 

der  i s  known. 



Method 0-€' Solut ion _.- 

Since t h e  hea t  t r a n s f e r  c o e f f i c i e n t  and the  conduction co r rec t ion  

f a c t o r  were contained i n  transcenden-tal  equs'iions the  method of so lu t ion  

f o r  t h e  f i v e  unhown c o e f f i c i e n t s  was t h e  fol lowing.  F i r s t ,  an  i n i t i a l  

es t imate  was niade of t h e  heat  t r a n s f e r  c o e f f i c i e n t  and t h e  conduction 

co r rec t ion  f a c t o r .  'Then, even though the  equat ions def in ing  the  experi- 

mental system assume t h a t  a l l  parameters except f o r  t he  e l e c k r i c a l  r e s i s -  

t i v i t y  a r e  temperature independent, parameters were used. which correspond 

t o  those f o r  the man temperature of t he  ma te r i a l  f o r  which t h e  parameter 

app l i e s .  An i n i t i . a l  es t imate  of the  s o l i d  phase temperature of  t h e  porous 

tungst,en w a s  obtained from ai average of t he  f i v e  o p t i c a l  pyrometer tem- 

pe ra tu re  readings.  An es t imate  was made of an average f1ui.d temperature 

during t h e  passage OP t he  f l u i d  through the  porous tungsten.  I n i t i a l  

values  of parameters such as the:rrrral conduct iv i ty  and hea t  capac i ty  a r e  

es t imated.  Eva1 i iat ion of t he  hca t  t r m s f e r  c o e f f i c i e n t  and the  conduc- 

t i o n  co r rec t ion  f a c t o r  r equ i r e  tha-L values be chosen f o r  these parametars.  

When thcse  values  a re  i n s e r t e d  i n  t h e  f i r s t  th ree  boundary con- 

d i t i o n s  a s e t  of' equat ions results which can be solved e x p l i c i t l y  foi- 

t he  t l i rvc const,aiits of in tegra5ion .  The cons tan ts  of i n t e g r a t i o n  a r e  

then used a long  with the assumed hea t  t r a n s f e r  coeff i -c ient  and. the con- 

duct ion co r rec t ion  f a c t o r  t o  calcu?a.te the  fou r th  and f i f t h  boundary 

condi t ions .  The ca lcu la ted  values  of the  fou r th  and f i f t h  boundary 

condi t ions  arc? ihcn compared t o  the  experimental ly  measured boundary 

condi t ions .  Successive values €or the  hca t  t r a n s f e r  coeff ic j -cnt  and 

the  conduction co r rec t ion  f a c t o r  a r e  chosen unt i l .  s e t s  of assumed values  

a r e  found which y i c ?  d ca lcu la t ed  boimdary conclitions t h a t  bracket  the  

expcrirnenta1l.y dctc2rrriinc3 four th  and f i f t h  boundary condj.tions. 
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Successive i t e r a t i o n s  are  then c a r r i e d  out  i n  order  t o  obtairi conver- 

gence t o  wi th in  a prescr ibed  l i m i t .  Convergence to  a t o k r a n c e  of  one 

p a r t  i n  1.0 was f a c i l i t a t e d  by the  use of d i g i t a l  computer programs and 

by the  f a c t  t h a t  the conducti.on co r rec t ion  f a c t o r  was not p a r t i c u l a r l y  

s e n s i t i v e  t o  changes i n  the  heat t r a n s f e r  c o e f f i c i e n t .  The conduction 

zorrect. ion f a c t o r  was evs lua ted  i n  the  f i r s t  two t o  th ree  i t e r a t i o n s  

a f t e r  which the  i t , e r a t i o n s  on the  hea t  t r a n s f e r  c o e f f i c i e n t  could pro- 

ceed. 

4 

When the  comguter program obtained a bracke t  on the  hea t  t r a n s f e r  

c o e f f i c i e n t  the  method of  f a l se  pos i t i on  was used wi th  a quairira%ic 

r a t h e r  than a l i n e a r  f i t t i n g  method. Use of t h i s  technique xsua l ly  

gave convergence .!n from two ." fi.ve i t e r a t i o n s .  The s5a t j i l i t y  of the 

conduction co r rec t ion  f a c t o r  was R r e s u l t  of i t s  essent.ia1I.y s i n g z l a r  

dependerice on the  solid phase temperzture which def ines  the e l e c t r i c a l  

power ger:cration equations. It has been noted t h a t  t he  porous t lmgsten 

iA-sll had. 3 very f l a t  temperature p r o f i l e  so t h a t  the  i n i t i a l l y  observed 

tempE:ra.t:xe p r o f i l e  of t he  ou te r  w a l l  of the  cy l inder  was very n e w l y  

the pi-of i le  f o r  the  e n t i r e  th ickness  of the  tungsten wall .  
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Summaryf  Hesul ts  

The dabs f r o 3  33 cxporirnental runs a re  tabid.ated i n  Tables 2 

through 4 which 81°C i n  Appendix C.  Da-la in these  t a b l e s  represent  t he  

va lues  which served as input  t o  the  computer programs which ca l cu la t ed  

the hea t  t r a n s f e r  c o e f f i c i e n t  and o the r  parameters fo-r each experimental  

r u n .  Table 1 t a b u l a t e s  parameters which were common t o  al.1. runs a s  -well 

as physical  cons tan ts .  This t a b l e  i s  in Appendix B. Tables 5 through 

‘7 conta in  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  and o the r  va lues  calculated.  from 

the  ana lys j~s  of t h e  experi-mental runs.  These t a b l e s  a re  i n  Appendi~x D. 

All. runs a r e  designated by a two digi . t  nm’oer rangi~ng f r o m  0 5  through 

82. 

was made but  a r e  used only as re ference .  

These numbers were o r i g i n a l l y  r e l a t e d  t o  the  da te  on which t h e  r u n  

T h e e  d i f f e r e n t  norous tungsten cy l inde r s  were used i n  t h i s  study. 

The f o w  runs 05 through 08 were c a r r i e d  out usir?g cy l inder  C. 

twenty-four runs l ) d  through 37 and 62 through 82 were c a r r i e d  out us ing  

cyl~i.nder D. The t e n  runs )+5 through 54 were carri-ed out  us ing  cy l inde r  

E.  AI.]. of ihe cy l inde r s  weighed approximately 18 grams a t  t h e  s t a r t  of 

a s e r i e s  o€ runs.  ‘I’he vol.ime porosity of  all t he  cy l inde r s  was approxi- 

mately one h a l f  based on the  dimensions of t h e  hollow cyl inders ,  t h e i r  

weizht,  and the dens i ty  of s o l i d  tungsten.  

The 

The coolant gas f o r  the t,wenty-seven r u n s  05 t h r o u g ~ ~  54 w a s  n i t rogen  

and the  coolant gas f o r  the  eleven rilns 62 through 82 w a s  helium. 

n i t rogen  f l o w  ra tes  vayied from approxima-tely 7 t o  1.9 standard cubic 

f e e t  of gas per  hour and t h e  heli1.m fl.ow r a t e s  var ied  f r o m  approximately 

6 t o  30 st2anil:wd cah ic  f e e t  of gas per  hour. 

The 

The s t a i n l e s s  s t e e l  sheathed thermocouple number l.jC was i n s e r t e d  

into !,he interior of !he tun::sten cyl inder  f o r  approximntel~y one h a l f  of 
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the  length  of the  tungsten cy l inder  during 17 of the rims using n i t rogcn  

8s  t h e  coolant .  In  t h i s  conf igura t ion  hea t  was t r a n s f e r r e d  from the  

i n t e r i o r  wn1.l of t he  tungster, cy l inde r  t o  the  thermocoirple by r a d i a t i o n  

where i t ,  was absorbed by the  incoming coolant  gas. "he gas was thus 

preheated by t h i s  amoimt of hea t  a f t e r  leav ing  t h e  end of" t he  p i e r  and 

before  en te r ing  the  porous w a l l .  

Thermocouple number 1.4 w a s  withdrawn f r o m  t h e  i n t e r i o r  of the 

tungsten cy l inde r  during 10 of the runs using ni t rogen  as the  coolant .  

I n  t h i s  conf igura t ion  thermocouple number 14 w a s  no t  involved i n  hea t  

exchange i n  the  i n t e r i o r  of the  tungsten cy l inder .  The i n t e r i o r  w a l l  of 

the  cy l inder  was assumed to be ad iaba t i c  i n  these  runs. All of t h e  runs 

using heI.ium were made with +k.:rmocoiiple number 14 inserbed i n t o  the  

in t e r i . o r  of the  cy l inder .  

The eva lua t ion  of a hea t  t r a n s f e r  c o e f f i c i e n t  i n  the  genera t ing  

porous tirngsteii was poss ib l e  i n  30 of t he  runs.  These Val-ues a r e  pre-  

sented i n  Table 7. A Nussel t  nimber <and a Reynolds number a r e  cal .culated 

for  these  runs and presented i n  Table '7. 

and f l . u i d  temperature profi.7.es wi th in  the  w a l l  of the  porous cyl-inder.  

Figure 16 shows t y p i c a l  s o l i d  

hea t  f l uxes  involved i n  the  eva lua t ion  of these  p r o f i l e s  a r e  a l s o  

shown. Figure 17 presents  t h e  Nusse1.t-Reynolds c o r r e l a t i o n  i n  graphic 

form. Other experi-mental daLa c o r r e l a t i o n s  for  hea t  t r a n s f e r  i n  porous 

ma. ter ia ls  a r e  shown ;.n Figure 17. Correl.at,ions which have been suggested 

f o r  heat  t r a n s f e r  in  porous systems a r e  a l so  shown. 
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Nu-sse l t ,  Number vs Reynold:; Number for Systems of 
Por oils Materials 



Nussel t-Reynolds Data Correl a t  i on -___..r. - .--- 

Figure I 7  i s  a log-log plot of NusseLt n m h e r  versus  Heyrioltls 

2 number. 

measure of t h e  p a r t i c l e  s i z e ,  f i s  Ihe po ros i ty  of t h e  porous ma te r i a l ,  

k i s  t h e  thermal conduct ivi ty  of the  gas passing through the  porous 

mater ia l ,  and  h '  i s  the  volumetric hea t  transfer c o e f f i c i e n t  i n  

B. t . u .  /hr .  -'F-cu. f t .  

The Nusselt  number i n  t h i s  plot, i s  h ' d  / 6 k ( l - f )  where d i s  a 

The volumetric heat  t r a n s f e r  c o e f f i c i e n t ,  h ' ,  i s  equal t o  he where 

h i s  the  cl-assical  heal; t r a n s f e r  c o e f f i c i e n t  i n  B. t . u . / h r .  - sq . f t . - 'F  and 

g i s  t h e  sur face  a rea  wi th in  the  pores of t h e  m a t e r i a l  p e r  uni5 volume 

measured on a bulk b a s i s .  T'ne s ign i f i cance  of  h '  i s  t h a t  it r ep resen t s  

a quan t i ty  which caq be measured d i r p c t l y ,  as i n  t h i s  study, without the  

need t o  know the  in te rna l  sur face  %rea per  unit volume of the porous 

m a t e r i a l ,  There a re  a wide v a r i e t y  of technjqiies f o r  t he  measurement 

of the  j n t e r i l a l  surface a rea  of  a porous ma te r i a l .  Comparisons of heat  

t ransfpr  da t a  u<jng t h o  c l a s s i c a l  h e a  be  difficbll s ince  the  diff 'erent  

techniques f o r  the measx-ernent, of i n t e rna l  surfw:. a rea  can give d i f f e r e n t  

r e s u l t s .  The use of mercilry porosirnctry for example, gj ves idifYerent, 

v a l m s  depending on t h e  pressure  used and the  quest ion then becomes which 

of these  valuns i n  fac t  r ep res rn t  t he  e f f e c t i v e  a r e a  foy heat t r a n s f c r .  

The reynolds n u b e r  i n  this ploi i s  G d/pf where d i s  a meazure of 
C 

the  p a r t i c l e  size, G i s  the  mass flow rate per  u n i t  a r e a  of bu lk  porous 

mater js3,  p i s  t h e  v i s c o s i t y  of the gas pass ing  through t h e  porous matcr i -  

a l ,  and f i s  t he  po ros i iy  of the porous mater ja l .  The measure of p a r t i c l e  

s i z p ,  d ,  i s  takcn to be the si7e of t he  powdcr used i n  t he  manufacture of 

the  porous imps tLn .  T h i s  value i s  uspd i n  boih t h e  Reynolds n mbcr arid 

C 
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t h e  Nussel t  number. The j u s t i f i c a t i o n  fo r  t h i s  choice will be presented  

s h o r t l y .  The p o r o s i t y  term i n  t h e  Reynolds number i s  introduced- t o  g ive  

a Reynolds number based more n e a r l y  on t h e  t r u e  velocity of t h e  fl.uid i n  

t h e  pores  of the porous tungsten.  This c o r r e c t i o n  has  been made i n  o the r  

s t u d i e s .  (l7,ll.) 

Since h '  i s  a. volumetric h e a t  t r C m s f e r  c o e f f i c i e n t ,  t h e  conversion 

to 'the a r e a  based hea t  t r a n s f e r  c o e f f i c i e n t  used i n  t h e  N m s e l t  number 

was accomplished by t h e  use of t h e  term G(l-f)/d. which .i.s t aken  t o  be t h e  

sur face  a r e a  pe r  u n i t  volume of t h e  porous material..  

The p a r t i c u l a r  forms of t h e  Nusselt, and Reynolds numbers chosen for 

Figure 1.7 a r e  designed t o  allow comparison of t h e  exper imenta l ly  d e t e r -  

mined hea t  t r a n s f e r  c o e f f i c i r r t s  from t ,his study wi th  o t h e r  work. "he 

f a c t o r  6(1- f ) /d  does r ep resen t  t he  su r face  a r e a  pe r  un i t  .volume for  a 

bed of spheres packed t o  ob ta in  maximum poros i ty .  It has been assumed 

from the na tu re  of the f a c t o r  1-f, t h a t  t h e  sur face  a r e a  pe r  u n i t  volime, 

based on p o r o s i t y  alone, would vary  l i n e a r l y  from n/d a t  the  rnaxi.mrium 

p o r o s i t y  of approximately 0.476 t o  6/d. at zero poros i ty .  While t h i s  

f a c t o r  i s  not designed t o  apply t o  p o r o s i t i e s  above 0.4'76, t he  p o r o s i t y  

of m a t e r i a l  i n  this s tudy  i s  c lose  t o  t h e  l i m i t  of t h i s  range, and thfs  

fczctor has been used i n  o the r  work where t h e  p o r o s i t y  w a s  above 0.4?(6. 

The use of t h e  f a c t o r  6(1-f)/d gives a sur face  area per  u n i t  mass 

of appr.oxi.mately 0.0078 sq. meters/gr. f o r  t h e  porous tungsten used i n  

t h i s  study. This corresponds wi th  the experimental.1.y measured. si.irl"ace 

area per uni t  mass of 0.011-6 sy. meters/gr. f o r  t h e  porous tungsten.  

This su r face  a r e a  w a s  de t e rmhed  by n i t rogen  adsorption. T h i s  i s  a 

good correspondence i n  l i g h t  of t h e  absence of any s p h e r i c i t y  consj.cler- 

a t i o n s  which wou lc i  t end  t o  j-ncreizse t h e  0.0078 value.  The agreement 
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might be considered very good i f  t he  sphe r i c i l  y -poros i ty  c o r r e l a t i o n  in  

Brown ( 4 )  i s  used. The s p h e r i c i t y  value of  0.6 t o  0.7 for packed beds 

a t  a po ros i ty  of 0.5 would b r ing  -the value of 0.0078 i n t o  c lose  agree- 

ment w i i h  t he  measured value. 

The thermal conduct ivi ty ,  v i scos i ty ,  and hea t  capac i ty  used i n  

t h e  Nusselt  and Reynolds numbers w p r e  evaluated a t  the  mean f l u i d  tern- 

pera ture  during the  passage of t he  f l u i d  through the  porous tungsten.  

The Heynolds numbers s tud ied  i n  t h i s  work a r e  on t h e  order  of  10""'. 

Nusselt  numbers corresponding t o  this order  of Reynolds number a r e  on 

t h e  order  of  10 . The use of t h e  measured sur face  a r e a  pe r  u n i t  mass 

of 0.0116 sq .  meters/&. gives  hea t  t r a n s f e r  c o e f f i c i e n t s  on the  order  

of 0.1 R. t .u . /h r . - sq . f t . - 'F .  

'The 

- Is 

Agreement w i C  h Other Experi mental Data 

Figiire 1-7 shows t he  results of t h i s  s tudy along wi th  o ther  exper i -  

mental-ly measured heat  t r a n s f e r  c o e f f i c i e n t s .  The d a t a  of Grootenhuis 

(17) for heat  t r a n s f e r  from porous bronze t o  a i r  i s  shown. This group 

of d a t a  have Reynolds numbers on the  order  o f  10 'io 10 . The r e s u l t s  

found i n  Lhis work give a c o r r e l a t i o n  t h a t  agrees  with the  data of 

Grootenhuis. A l i n e  through the  d a t a  from t h i s  study and the  da t a  of 

Grootenhuis has a s lope SI - igh t ly  g r e a t e r  thm one. This i s  curve E i n  

Figure 17. This I.ine would a l s o  c o r r e l a t e  we l l  wi th  o the r  repor ted  

experimental data c i t e d  by Grooteriliuis and i n  p a r t i c u l a r  wi th  the  d a t a  

of F'urnas on h e a t  translfer from beds of i r o n  and i r o n  ore t o  a i r .  These 

l a t t e r  poinLs have Nusselt  numbers on the  order  of 10 and Reynolds 

0 2 

1 

2 

'Ci ted by Grootenhuis (15). 



3 4 numbers ori t he  order  of 10 and 10 . 
' Ibe c o r r e l a t i o n  l i n e  through t h e  d a t a  of t h i s  study, t he  data, of 

Grootenhuis, and the data of Ftirnas has  the  equation 

1.38 Nu = 2.0 x lO"(Re) I 

where t h e  Nussel t  and Reynolds number <we those described. previously.  

Grootenhuis suggests  that, a c o r r e l a t i o n  l i n e  should not  have a slope 

g r e a t e r  than one which i s  presumably based on the  Graetz analysis. 

Equati.on (21) is n0.L a v i o l a t i o n  of t h i s  pr imciple  si.nce the  Graetz 

a n a l y s i s  i s  not p a r t i c u l a r l y  appl icable  t o  these  porous systems a s  wil .1  

be shown. 

c a l  c o r r e l a t i o n .  

I n  any event,  equation (21) should be considered an empi-ri- 

It i s  d i f f i c u l t  t o  descr ibe  the  f l o v  regime i n  porous materials. 

F r i c t i o n  f a c t o r  d a t a  on porous systems do not show a d i . s t i nc t  transi- 

t i o n  from laminar t o  tu rbu len t  flow. It has been suggestmi {;hat the  

rough nature of t h e  flow channels i n  porous ma te r i a l  leads t o  a gradual  

i nc rease  i n  the  numSer of channels which are i n  turbul.ent, flow. The 

f a c t  t h a t  the  data on packed beds have a t r a n s i t i o n  a t  a Reynolds 

number of 50 (1) suggest-,s t h a t  a d i f f e r e n t  type of flow regi.me has 

bemi acknowledgzd. It has been suggested that, t he re  are multiple t r an -  

s i t i o n s  a t  Reynolds numbers aroiund 42 and 1.200 (11) for o the r  d a t a  on 

packed beds. 

"lie laminar norti.on of tube o r  pipe f r i c t i o n  f a c t o r  curves a r e  

It. has been found (22) t h a t  f o r  L/D around 5 the dependent on L/D. 

].ami riar f'ric.Lion fac- tor  curve j o i n s  the  turbul-ent f r i c t i -on  f a c t o r  c i x ~ e  

w i t h  only a small t r a n s i t i o n .  9ki.s same c h a r a c t e r i s t i c  i s  seen i n  the 

continuous f r i c t i - o n  f a c t o r  curve for porous ma1;erial.s. A porous 



matvrial  might therefore  be considered t o  have a s m a l l  val-ut: of L/D, 

poss ib ly  as s m a l l  as  one. 

Thus, t o  whatever ex ten t  t'ne flow i n  porous ma te r i a l s  i s  laminar, 

the  use of the  Graetz ana lys i s  would s t i l l  c a l l  fol- a uniform wall tcm- 

pe ra tu re ,  undis tor ted  laminar flow, no v i s c o s i t y  dependence on temper- 

a t u r e ,  2nd some value f o r  T,/D i n  a porous sys-tem. 

Since it. wodd probably be hard t o  meet these  requirements,  it 

woul~d seem t h a t  a c o r r e l a t i o n  with the Graetz ana lys i s  should not 

necessari1.y be the  b a s i s  f o r  accept ing o r  r e j e c t i n g  a c o r r e l a t i o n  7.i.ne 

of slope g r e a t e r  than one. 

In  general  the  po in t s  i n  Figure 1.7 1.i.e f u r t h e r  below a l i n e  of 

slope one a s  the  Reynolds number decreases.  The p a r t i c l e  diameter of 

the  bronze par t - ic les  i s  on the  order  of lo-' t o  lo-'' f t .  

diameter of t h e  tungsten par t i -c le  i s  approximately 6.5 x f t .  It 

has been suggested t h a t  the c o r r e l a t i o n  l i n e  i s  actual.1.y of s lope one 

bu t  t h a t  the  1-oss of surface a rea ,  during Lhe Porrning of poi-ous mater i -  

a l . ~ ,  i s  g r e a t e r  f o r  p a r t i c l e s  of smaller d5.ameters. Thus, the  f a c t o r  

6(l-f)/d i s  an overestiniate of I;he ac tua l  surface a rea  with a r e s u l t i n g  

lowering of t he  Nusselt  number values.  

The p a r t i c l e  

The bronze da ta  vary i n  p a r t i c l e  diameter over one order  of mag- 

n i tude  and they do show an ind ica t ion  of this dependence on p a r t i c l e  

s i z e .  The i ron  o re  data. of l b rnas  have p a r t i c l e  s i z e s  on the  order  of 

lo-' f t .  

f u r t h e r  below a. c o r r e l a t i o n  l i n e  of slope one than do da ta  based on 

l a r g e r  p a r t i c l e  diameters.  Cmve I) 111 Figure 17 i s  a l i n e  of slope one 

t h a t  was used as H refei*ence by Grootenhuis s ince it gave a good cor re-  

Die Nusselt  values  f o r  the da t a  of the present  s tudy do f a l l  

2 l a t i o n  with da t a  of F'urnas m d  o the r s  a t  Reynolds numbers of IO aid 



3 4 Nussel t  numbers of 10 t o  10 . 
It shoii1.d also be noted t h a t  t h e  r a t i o  of w a l l  and bulk  v i scos i . t i e s  

has  not been i n c h d e d  i n  the  eva lua t ion  of the  ord ina te  i.n Fig;ure 1'7 

or i n  equati.on (21).  The e f f e c t  of t h i s  term as a. m u l t i p l i e r  of t h e  

Ni2.Ssel.t number would be t o  move the  d a t a  p o i n t s  i n  t h i s  study c l o s e r  

t o  t h e  c o r r e l a t i o n  l i n e  of s lope one, curve D. 

An evaluat ion of t he  w a l l  v i s c o s i t y  i n  t he  porous tungsten was ma& 

at  the  average s o l i d  phase temperature.  The v i s c o s i t y  co r rec t ion  fact,or, 

has been used for  both laminar and tu rbu len t  flov. The cor- 

r e c t i o n  which wou1-d be introduced by the  r a t i o  of the  w a l l  amd bulk v ic -  

cos j - t i e s  t o  the 0.14 power i s  on t h e  order  of l..O5 t o  1.1. 

0.14 
(ILW/PI) 1 

If, followi.ng Bird (l), t h e  d iCmete r  t o  be used i.n t he  Reynolds 

n ~ u n b e r  w a s  evaluated a s  four  t imes the hydraul ic  r ad ius  of t h e  povous 

material. the  dilwnetcr h ~ 0 ~ 1 . d  be approximate1.y 13 percent  s m a - l l e r  than 

the  diameter used i n  .Yne Reynol-ds number which was assumed t o  he the  

p a r t i c l e  si .ze of 20 microns. Also i f  the  diameter used i n  the Nussclt 

nimbc3r- were cvzl.uated as 6/a 

porous mater ia l ,  the  diameter would be approximately 33 percent  larger 

than the pa.i.tic1.e s i z e  diameter of 20 microns which was used i.n t h e  

Nussel t  n m b e r .  These cor rec t ions  would 1-ower the  value of the Reynolds 

nimber .and r a i s e  the  value of the  PJusselt number. Both of these effects 

wou1.d move the  d a h  po in t s  observed i n  t h i s  study toward the  correlat , ion 

line of sl.opo one i n  Figure 17. 

where a i s  the  spec i f i c  sur face  of the 
V V 

These evaluati .ons were not made because t h e i r  use w01.il~d not  e f f e c t  

the evaluat ion of t h e  herit t r a n s f e r  c o e f f i c i e n t s  and because there  was 

no s p e c i f i c  sur face  data ava i l ab le  f o r  t he  porous bronze aid the  ii-oil 

ore. In  addi t ion ,  the use of a hydraul ic  r ad ius  i s  qiiest,lonablc for  



laminar f l o w  and the  Reynolds numbers i n  t h i s  s tudy a r e  i n  the  Jaminar 

region.  

Regarding t h e  flow regime, t h e  co r re Ja t ion  l i n e  of equat ion (21) 

o r  even a c o r r e l a t i o n  l i n e  i n  t h e  v i c i n i t y  of s lope one o f f e r s  some 

inc?icittion t h a t  t he  na ture  of the  f l o w  i n  porous m a t e r i a l s  may be d i f f e r -  

en t  from t h a t  found i n  p ipes  a t  Reynolds numbers of 10 . A c o r r e l a t i o n  

l i n e  with a s lope around one would be expected f o r  high Reynolds nim- 

be r s ,  t u rbu len t  flow, and a l a rge  r e l a t i v e  roughness speaking i n  the  

sense of' flow i n  pipes .  Porous ma te r i a l s  show f r i c t i o n  f a c t o r  corre-  

l a t i o n s  which correspond t o  low i f  not un i t a ry  L/D as t h e  t r a n s i t i o n  

region i s  approached from the  1 m i n a r  region. Corresponding1 y, porods 

materials qct i n  the t u rbu len t  region as i f  they  w e r e  a pipe with a 

Large r e l a t i v e  roughness. Some f r i c t i o n  f a c t o r  c o r r e l a t i o n s  show re- 

l a t i v e  roughnesses i n  the  v i c i n i t y  of 0.05. A porous mater ia l  may w e l l  

have a r e l a t i v e  roughness as large as the  order  o r  one. 

-1 

'The e f f e c t  of t he  na ture  of porous ma te r i a l s  on the  Cr ic t ion  f a c t o r  

c o r r e l a t i o n  i s  t o  lower t h e  Keynolds numbti- a t  which the  f low i n  a porous 

m n t e r i a l  begins t o  t a k e  on t h e  aspec ts  of t u rbu len t  flow. l h i s  should 

also be t r u e  t o  somc. extend -ind possibly c v ~ n  t o  a greate?.  ex ten t  f o r  

hea t  t r a n s f e r .  %flj s f a c t  j n  conjunction wiih the  c o r r e l s t i o n  presented 

i n  Pinire  l'[ suggests  t h a t  f l o w  i n  porous ma te r i a l s  may conta in  elements 

oi' tu rbulen t  flow rind t h a t  Nusselt-Reynolds c o r r e l a t i o n s  w i t h  a slope 

o f  one a re  morc rc.ar,onable than  co r re l a t ions  based on laminar f l o w  which 

p o s t u l a t t  co r re l a t ion  l i n e s  wi th  a s lope of from l /3  t o  1/2. 



8 the r Non - Exp t' r .i mtin t al. C o r r  e 1 at i on s 

Figure 1'7 also shows curves which have been suggested as cor re-  

LaLions t h a t  might be used t o  determine hea t  t r a n s f e r  c o e f f i c i e n t s  i.n 

porous ma te r i a l s .  

Curve A i n  Figiire 1 ' 7  i s  a Nusselt-Reynolds c o r r e l a t i o n  based on 

the  small pi.pe model f o r  porous m a t e r i a l s  used by Weinbaiim and  Wn.eeI.er. 

(34) Tnis curve w a s  eva lua ted  us ing  va lues  f o r  parameters t y p i c a l  of 

those fo?md i n  t h i s  study. The c h a r a c t e r i s t k  d . ime te r  of both Lhe 

pxrtic1.e.s and t h e  flow passages w a s  20 microns. The .c~all  t h i ckness  o r  

t h e  equivalent p ipe  length  .was 1/16 in .  and the? Prandl t  number was 0.705. 

This curve w a s  c a l c u l a t e d  by assuming, as d i d  Weinba1.m and Whc+cJ_er, t'rlat 

-the wal l -bulk v i s c o s i t y  co r rec t ion  could be neglec ted .  

The equat ion used i n  t h e  c o r r e l a t i o n  of Weinbaim and Wlieel.er w a s  

t h e  empi r i ca l  modi f ica t ion  of the Graetz t h e o r e t i c a l  tempers.tiire soluLi.on 

for fu1.l.y developed Lminar fl.ow wi th  cons tan t  w a l l  temperature. 

Weinbam aid Wheeler r e fe rence  McAdams (24) f o r  t h e i r  source of t h i s  

equation. 

that t h i s  small p ipe  model c30es not tlescribe the slope of hea t  transfer. 

correl.ation determined i n  t h i s  study. It a l s o  overes t imates  t h e  heat 

t rmsfer  c o e f f i c i e n t  by approximately t h r e e  o rde r s  of magnitude a t  

Beynolds numbers of 10 . The use of the c o r r e l a t i o n  of curve A fo r  

hea t  t r a n s f c r  i n  porous m a t e r i a l s  would not be recommended.. 

The s lope  of this c o r r e l a t i o n  l i n e  i s  1/3. Figure 17 shows 

-1 

A s  has bccn noted previous ly ,  t he  use of the  Graetz aial.ysi.s i s  

qiiestionable i n  -the case of porous ma te r i . a . l s  s ince  it i s  by no means 

c3ear  that t,he na ture  of the flow i n  t h e  pores s a t i s f i e s  the Graetz 

condi t ions .  It i s  unc lea r  how a val-ue of L/D would be evaluated f o ~  a 
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porous syslem i n  the  sense i n  which i t  i s  used i n  t h j s  m a l y s i s .  

The Graetz c o r r e l a t i o n  w a s  not designtld Tor t h e  low range of' 

Reynolds numbers encountered i n  t h i s  study. McAdams n o k s  i n  h i s  

commentary on t h e  usc of t h i s  tori-elation t h a t  there aye l a rge  devia- 

t i o n s  a s soc ia t ed  with the  use of t h i s  c o r r e l a t i o n  even i n  the  cascs  

being described. These cases include a spha l i  at, temperatures of 300°F 

flowing i n  1 in .  tubes a'L 2 ft./sec. wjth heat, t r a n s f e r  c o p f f i c i e n t s  of' 

30 ~ . t . u . / h r . - s q . € t . - ' P .  

n i f i c a n t  u n c e r t a i n t i e s  i n  t h e  use of t h i s  c o r r e l a t i o n  a t  values  of t he  

Graetz number less than 10. 

Bird e t  al., (1) p o i n t s  ou t  t h a t  there a r e  sig- 

The use of t he  c o r r c l a t i o n  of Weinbaum and Wheeler could help t o  

propagate the  idea  t h a t  porous m a t e r i a l s  have e s s e n t i a l l y  equal s o l i d  

and f l u i d  phase temperatures s ince  t h e  use of the  much overest imated 

hea t  transfer c o e f f i c i e n t s  ob ta j  ned from t h i s  Corre la t ion  could indeed 

p r e d i c t  t h e i  the  f l u i d  +t.mperature quickly reaches the temperature of t he  

s o l i d  phase. 

Curves R and C i n  Figiire 1'1 a r e  based on a packed bed model of a 

porous system t h a t  i s  descr ibed by Bird, e t  al. , (1). 

w a s  based on hea t  and mass t r a n s f e r  da t a  f o r  packed beds w d  it  was 

c o r r e l a t e d  I n  terms of' t he  Colburn j f a c t o r  versus  Reynolds number. 

This c o r r e l a t i o n  involvcd a p a r t i c l e  shape f a c t o r ,  1.0 f o r  sphzres and 

less f o r  o ther  shapes. Curve R i s  bascd on a shape f a c t o r  of 1.0 and 

Ciirvf C is based on 3 shape f a c t o r  of 0.1. I n  both cases a P m n d l t  

number of' 0.69 was assimed. 

B i r d ' s  c o r r e l a t i o n  

II 

T h t  slope of ctirvcs !3 am3 C on t h e  Nusselt-I(cynolds p l o t  are 0.49 

i n  a ran&c ol" lieynclds number l e s s  than 5.0. Curves B <mcl C have been 

chosen for cornparison Lo the cxperimental data c i t e d  i n  t h j s  s tudy 



bccausc they  sug[:est one or t he  I.nrgcnt s1.opes proposed f o r  thc  N1.1ssel t -  

Rcyno1.d:; cor.relatj.on line i n  materia1.s of a porous nature .  

From Figlire 1.7 it ccm be seen t h a t  these  two curves (lo not dkscr ibe 

the da ta  po in t s  found i.n t h i s  study. Further ,  Yhe slop o.f this corrc-  

l a t i o n  Ts s t i l l  t oo  low t o  descr ibe  t h e  da t a  observed i.n thi.s work and 

by Grootenhuis and I'urnas. Use of t h i s  c o r r e h t i o n  would also over- 

es t imate  the  hea t  t r a n s f e r  c o e f f i c i e n t  by two t o  th ree  orders  o f  magni- 

tude a t  Rqmolds numbers of lo-'. 

Tkie c o r r e l a t i o n  i s  presented  i n  Bird e t  al. as being based on large 

anoilnts of' experimental  da t a  on both  hea t  <and m a s s  ti-ansfer i n  packed 

beds. 

communication but  t he  authors  give a seconclary re ference  t o  char ts  by 

Hougen e t  al. Tne c h a r t s  give no ind ica t ion  as t o  how smnl l -  a, value 

of Reyr1old.s nimber could be descr ibed by t h e i r  co r re l a t ion .  However, 

the  p a r t i c l e  diasaeteys e x p l i c i - t l y  di.scussed on the char ts  extend dorm 

only t o  the ord-er of 8.0 x 10 

above the  pa,rticl.e s i z e  i n  t h i s  study. 

'Die primary reference t o  t h i s  d a t a  i s  descr ibed as a p r i v a t e  

1 

- 4 f t .  whjch i s  st;i.ll  an order of magnitude 

The f a c t  t h a t  t h i s  c o r r e l a t i o n  Tdas desi.gned for  a wide range of 

data :and was seeking a c o r r e l a t i o n  f o r  not only hea t  t r a a s f e r  but  a l s o  

f o r  mass t r a n s f e r  su.ggests t h s t  it would not 'ne appl icable  t o  the sma1.l. 

p a r t i . c l e  d i amte r  and low Reyno1.d~ numbers found i n  t h i s  study. 

Green (12) p resen t s  a c o r r e l a t i o n  of hea t  and mass t r a n s f e r  da t a  

i n  terms of a plot of j - factor  versus  Reynolds nimber. The slope of 

tl1i.s C U . T V ~  7.s on t h e  ordrir of -0.45 which would give a slope 0% 0.55 

when presented on a Nusselt-Reynolds plot;. TTie j-nadequa-cies of t h i s  
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c o r r r l a t i o n  i n  descr ib ing  da ta  c i t e d  i n  t h i s  work a r e  e s s e n t i a l l y  those 

of t h e  c o r r e l a t i o n  from Bird e t  a l .  

Green does note t h a t  t r a n s i e n t  methods a r e  gene ra l ly  used t o  measure 

hea t  t r a n s f e r  c o e f f i c i e n t s  i n  porous systems because of what he descr ibes  

as the  d i f f i c u l t y  of measuring the  heat  t r a n s f e r  c o e f f i c i e n t  i n  t he  

porous ma te r i a l  d i r e c t l y .  H e  doer note t h a t  there  a r e  f-rcquently dis- 

cussed e r r o r s  i n  the  use of the  t r a n s i e n t  method ol” evalua t ing  the 

hea t  t r a n s f e r  c o e f f i c i e n t .  Green c i t e s ,  but  does not  use t he  d a t a  from 

Grootenhuis i n  e s t a b l i s h i n g  h i s  hea t  t r a n s f e r  c o r r e l a t i o n .  “he method 

of Grootenhuis had been t o  cont inuously supply r ad ian t  hea t  a t  one sur -  

face of a porous plate 3nd thereby achieve a steady s t a t e  system f o r  t he  

measurement of the  hea i  t r a n s f e r  Coeff ic ien t  i n  h i s  apparatus.  Green 

does however usf t he  concept of the vo1metr:’c h e a t  t ra f i s fc r  c o e f f i c i e n t  

i n  h i s  calculations which was used by Grootenhuis. 

1 A study by Hac WES considered by Green i n  e s t a b l i s h i n g  h i s  hea t  

transi‘cr co r re l a t ion .  It i s  i n t e r e s t i n g  t h a t  Green r e j e c t e d  t h e  d e t a  i n  

t h i s  stildy on the  b a s i s  t h a t  i t  pred ic ted  hea t  t r a n s f e r  c o e f f i c i e n t s  

which he considered abnormally low by about two orders  of rnagflitude. 

The r e s u l t s  of t h i s  present  Mork suggr-s t  t h a t  the hea t  t r a n s f e r  

coeyf ic icn t  a t  low Reynolds nJmbers should be much lower than those 

pred ic ted  by co r re lq t ions  of the type used by Weinbam and Wheeler, 

Bird e t  al., and Green. 

A s  noted, curve i) i n  Figure l‘[ i s  a l i n e  of s lope one which w a s  

used by Grootenhdis to iricludr the daid of F u n a s  and to servc as a 

s u g c s t e c l  c o r r c l a t l o n  l i n e  f o r  the Nusselt-Reynolds c o r r e l a t i o n  of d-Ita 

‘Cited by L;rc.c.n (12). 



on heat  t r a n s f e r  i n  porous ma te r i a l s .  

Grootenhuis no tes  t h a t  h i s  experimental  da t a  on hea t  t r a n s f e r  t;o 

porous bronzc have fal . len below t h i s  l i n e .  It i s  t h i s  l i n e  toward which 

he suggests  h i s  d a t a  could be moved i f  t h c  loss of' heat tzans-fer sur face  

during fabr i -ca t ion  of the  porous bronze could be taken i n t o  consider-  

a t ion .  

The effect of' small. co r r ec t ions  t o  the  data o f  t h e  present  s tudy 

wou1.d also tend t o  move the  d.ata points as p r e s e n t l y  reported i n  t he  

d i r e c t i o n  of curve D. These co r rec t ions  have been c i t e d  and FncI.ude the 

e f f e c t  of a v i s c o s i t y  co r rec t ion ,  the  eva lua t ion  of a more p rec i se  hy- 

draiulic: r ad ius  f o r  use i n  t h e  Reynolds number, and a more pi-ccise average 

pn.rii.cle diameter for  use i n  the  Nusselt  number. 



Heat Balances and. Tern-perature Prof i  lcr ,  

Figure 16 presents  typical- heat bal-ances zroimd the  porous wall of 

the  tungsten cyl.i.nder. A t  any given axial .  pos i t i on ,  t h e  solid phase 

temperature profile through the  w a 1 . l  of t h e  cy l inder  i s  q u i t e  f l a t  be- 

cause of the high t h e m a l  conduct iv i ty  of the tungsten and the low heat  

t r a n s f e r  c o e f f i c i e n t .  The so1.i.d phase tenipera,ture curve has a s l i b t  

sl-opc or i s  zero at t h e  in s ide  wall depending on whether or  not the  

sheathed thermocouple i s  in se r t ed  -into t h e  i n t e r i o r  of t h e  tungsten 

cyl-inder. The slope of t h e  temperature curve a t  the outs ide  wall. pro- 

vides  the hea t  l o s t  by r a d i a t i o n  Lo the enclosing Marinite di-sks. 

A s i g n i f i c a n t  amnimt of hea t ing  of the  fluid flowj.:ng Lhrou.gh tile 

porous w a l l -  does t ake  p lace  wi th in  t h e  porous w a l l  but becaiise of the 

l o w  value of the heat  t r a n s f e r  c o e f f i c i e n t ,  t he  f luid.  phase temperature 

p r o f i l e  does not  show the  near  s t ep  fumction of f l u i d  heating proposed 

by Weinbarn and Wheeler. It can be seen from Figure 16 t h a t  the  assimg- 

t i o n  t h a t  t he  temperature of t h e  s o l i d  and. f l u i d  phases are nea r ly  iden- 

tical.. would be i n  error fo r  the  porous system used i n  t h i s  study. 

The low value f o r  t h e  hea t  ti-ansfer coe€f i c i en t s  found i n  t h i s  s tudy  

and. co r r e l a t ed  with o ther  experimental  s t u d i e s  on hea t  Lransfer in porous 

systems suggest t h a t  e r r o r s ,  whi.ch may be as la rge  2s t-wo orders  of’ u ~ g -  

n i tude  a t  Reyio1.d~ numbers of LO , may r.esu.1.t from the use of porous 

hea t  trans Per c o r r e l a t i o n s  using Nussclt--Reynolds cor re l  ati-ons with 

slopes of 1/3 to 1/2. 

-1 

There i s an addi t iona l  c:xperimenta.l ver i - f tca t ion  of the  f a c t  t h a t  

the  ~ : L S  c x i t i n f ;  from thqc outs idc  wall of the  tungsten cy l inder  has not 

bccn hectioti i.0 the tcrnpc’raiurc of thc tungs’cen wn1.l. The s t a i n l r s s  s t c e l  
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sheathed tlicrmocouplc nurnbcr 1.6 w a s  pos i t ioned  at; t he  axj.al  posi-Lion of 

t h e  o p t i c a l  pyromcter ho1.e i n  Marini te  dj.sk nimber 6 on the  opposite 

s ide  of the  tu.n[,csten cy l ind r r  i ' r o m  t he  opt icnl  pyrometer and. i n  contac t  

with the  outs ide  wsll of the  tungsten cyli.nder. "he thermocouple w a s  

i n  thi s pos i t i on  d.uri.ng i;he experimental rims. The temperatures recorded 

by t h i s  therrnocoup1.e were geiiera1.l.y found t o  be intermediate between that; 

of the  tungsten w a l l  w-ith which i t  was i n  contac t ,  m-d that of the c a l -  

cu la ted  temperature of the gas leav ing  the  tungstxn sur face .  In  addi- 

t i o n  the  temperature of t h e  Mar i n i t e  wall. through which the  thermocouple 

w a s  i n s e r t e d  was gcneval.ly above t h a t  of thermocouple n-rn1be.r. 1.6 so t h a t  

the  exi-stence of an e x i t i n g  f1uj.d. below the  w a l l  temperatiire ~ 0 1 2 1 . 3  be 

needed t o  explain these  temperatures.  

The e f f e c t  of f l u i d  phase hea t  conduction which has been neglected 

i n  t h i s  study was exnmined and found t o  con t r ibu te  only abou.t 7 percent  

of the  heai; t r a n s f e r r e d  by f l u i d  trLarisport even at; the  low Fkynolds 

numbers of' t,his study. 1teglecti.ng thj.s e f f e c t  a t  higher  flow rates 

woul.d seem ; just i f i .ed but s t u d i e s  at lower flow r a t e s  wi1.1 need. t,o t a k e  

t h i s  e f f e c t  i n t o  account. 

I n  order  t o  j u s t i f y  the  exolnsi~on of the f l - i i i d .  conduction .term, 

d i f f e r e n t i a l  eqimtion ( 2 )  f o r  the  fluid phase heat transfer was rncfified 

t o  incliidc f l u i d  conciuction terms. 'The r e s u l t  was a f o u r t h  order  d i f f e r -  

en t ia l .  equat;ion. The re.Tulting eqizat j  ons for  t h e  s o l i d  and. f l u i d  ternper- 

ature d i s t r j -bu t ions  now included four. cons tan ts  of in tegr -a t lon  <and the  

operator eqiiatj.on iiow included. the  f l u i d  conduction terms. The s m a l l  

m 3 p . t u d e  of the  f l u i d  conduction terms could be ignored i n  the operaLor 

eyun1,ion where they  were added tJo t,he e x i s t i n g  ternis. However, s ince  the 

opera tor  equation was now of the fou r th  order ,  i.t was uncertai .n w h r : t h e r  



or  not  .the four  r o o t s  r e s u l t i n g  f m m  the so lu t ion  of t h e  f o u r t h  order  

polynomial. equat ion would descr ibe  the  same temperature p r o f i l e s  ob- 

t a ined  wi th  the  t h i r d  order  opcra.tor equat ions.  During the  analysis of 

each run, the  r o o t s  of the f o u r t h  order  opera tor  equat ion were evaluated 

and compared t o  those of t he  t h i r d  order  equati-on. For two of the  r o o t s  

that were found t o  be essential.1-y common between the t h i r d  and f o u r t h  

order  opera tor  equat ions,  t he  d i f f e rences  were neg1igi.bl.e. While this 

suggested t h a t  'ihe temperature p ro f i  I.es descr ibed by t h e  f o u r t h  order  

equai ions mi-ght not d i f f e r  s i g n i f i c a n t l y  from those descr ibed by t h e  

t h i r d  order  equatj.ons, t h e  b e s t  v e r i f i c a t i o n  of  t h i s  f a c t  through the  

use of t h e  d i f f e r e n t i a l  equat ions would be t o  solve t h e  system 0,' fourth 

order  eyumti-ons and use an a. .A.Ational  boundary condi t ion  to ob ta in  

resu1l;s whicli could be compared t o  t h e  r e s u l t s  of t h e  solu-Lion of the 

t h i r d  order  equation. The equations involvi-ng f l u i d  conduction a r e  

der ived i n  App2ndi.x A. 

To avoid t h e  d i f f t c u l t i e s  associated with  ihis problem an es t imate  

of t h e  magnitude of the hea t  f lux f'rorn f l u i d  conduction was made duri.ng 

the  eva lua t ion  of t he  da,t,a. from each run. A check had always been run. 

011 tile hea t  b a k n c e  a t  the  po in t s  x =- 0, z = 0 and x = 1 ,  z = 0. 71ni.s 

chcck ca l cu la t ed  the  heat fl.ux i n  B. t .u . /h r .  a t  these  po in t s  f o r  each of 

the hea t  t r a n s f e r  mechanisms of conduction in t h e  tungsten,  hea t  trans- 

port i n  t he  fl-uid,  heat  generat ion i n  t he  so l id ,  and heal; t r a n s f e r  from 

s o l i d  t o  f l u i d .  The eva lua t ion  of t he  hea t  f l u x  due t o  conduc-Lion i n  

the  fluid was added Lo these  exj-s t ing checks and the magni-Lude of thi~s 

e f € c c t  provided the most rea l5  s b i c  measure o€ the  j u s t i f i c a t i o n  f o r  

l e 2 v j n g  the fluid condnct ion  e f f e c t  out of  the presenL calculcL'- '  L l O i l S .  
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The concl.usion reached i n  t h i s  study, t h a t  t h e r e  i s  a large 

difference between the s o l i d  and f l u i d  phase temperatures, shonld not 

be construed t o  be a concI.usion t h a t  would be applicable t o  a l l  porous 

systems, Tnere are probably many porous systems i n  whlch t i h e  so1.i.d phase 

temperature i.s approached qui te  c l o s e l y  by t h e  fluid phase tr:mpera-Lure 

a i d  it i s  t h i s  e f f e c t  i n  those systems that gi.ves added wei.ght t o  t h e  

idea  t h a t  t h i s  will. be the case  i n  all porous systems. D a t a  f o r  these 

systems itre u s u a l l y  a t  much I.arger Reynolds numbers than  those con- 

s ide red  i n  t h i s  study. An example of t h i s  would be t h e  work of Koh 

and d e l  Casal (21) with Reynolds numbers above 60. 



Conduction Cor r r c t i  on Factor  

The length-over-arca conduction co r rec t ion  f a c t o r  w a s  found t o  

vary from approximately 0. ! !5  f o r  a new porous tungsten cy l inde r  ,Lo 

a.pproximate1.y 0.22 f o r  a used porous tungsten cyl.inder. These va lues  

a r e  presented i n  Table 7. 

It has been widely assumed t h a t  the  conduct iv i~ ty ,  both e l e c t r i c a l  

and. thermal,  of a porous material .  would. be less than t h a t  of t he  solid 

mate r i a l .  'The f a c t o r  most commonly used t o  eva lua te  t h i s  reduct ion  i s  

the coup3.ernent of  t he  volumetric porosiLy. Gr0otenhui.s uses  t h i s  con- 

cept  and shows t h a t  po in t s  i i escr ib ins  t h e  thermal conduct iv i ty  of porous 

bronze l i e  on 8 s t r a i g h t  li.ne ru in ing  from t he  conduct iv i ty  of s o l i d  

bronze a t  zero po ros i ty  t o  zero  thermal conduct iv i ty  a t  a porosi . ty of 

0.476. However he does poin t  out t h a t  c e r t a i n  d a t a  f o r  porous stain- 

l e s s  stee1.s do not  conform t o  t h i s  type of c o r r e l a t i o n  m d  t h a t  another  

c o r r e l a t i o n  would have t o  be expected for these  s t a i n l e s s  s tee l - s  and 

o the r  materia1.s. 

Tfle conductance used i n  t h i s  work has  been assumed i o  c o n s i s t  of 

t h e  conduct ivi ty ,  t he  bulk a r e a  f o r  cond.uction, one correc t ion  f a c t o r  

i n  the form of  the  complement of t h e  volumetric po ros i ty ,  and another  

co r rec t ion  f a c t o r  which i s  the length-over-area conduction co r rec t ion  

f a c t o r  descr ibed e a r l i e r  i n  t h i s  work. Since 'Lhe thermal conduc.ti.vity 

of t he  porous Lungsten could not be measured while t h e  equipment was 

rimning a t  the operat ing temperature,  t h e  e l e c t r i c a l  coaducti.vi.ty of 

the  porous tungsten was measured under  opera t ing  condi t ions  and the  

con&dction co r rec t ion  f 'actor f o r  t he  e l e c t r i c a l  conduct iv i ty  was 

assumed t o  apply t o  thermal conduction. 



As has been noted, +,his should be a good assurnpt.ion because t h e  

e l e c t r i c a l  and thermal conductivi-ty are known t o  be r e l a t e d  through t h e  

Lorenz number 

porous metals by Grootenhiii s. 

Thi s r e l a t i o n  has been veri f i e d  experimenta,lly for  some 

The e l - e c t r i c a l  r e s i s t i v i t y  of the  p o r t i o n  of t he  tungsten cy l inde r  

between t h e  vol tage  probes i s  p ropor t iona l  t o  the  avera.ge s o l i d  phase 

.t, empe r a t  ure over t h a t  region, 

the tungsten is descr ibed  as a polynomial i n  temperature,  the r e s i s t a n c e  

of t h i s  secti.on of t h e  tungs ten  cy l inde r  can be found once the  average 

- . Since t h e  e l e c t r i c a l  r e s i s t i v i t y  of 

temperature of t h a t  s e c t i o n  has been evaluated. As  has  been noted, the 

i - t e r a t i o n  t o  determine t h i s  value i s  c a r r i e d  out i n  t h e  e a r l y  s t ages  

of the determinat ion of t h e  Ffzt t r ans€e r  c o e f f i c i e n t .  

Tungsten cy l inde r  C showed conduction c o r r e c t i o n  f a c t o r s  of approxi- 

matcly 0.44. 

timc when these data runs were made. Tungsten cy l inde r  0, af ter  be ing  

This cy l inde r  had been i n  use f o r  devel.opmcnt €or some 

used f o r  some dcvc-lloprnent work, gave a conduction c o r r e c t i o n  f a r t o r  of 

aFproxirnate1y 0.42 t o  0.38. 

t u r e s  acrid showing evidence of phys ica l  deformation and a d e f i n i t e  oxide 

Later, a f t e r  be ing  used at high t e m p c l r a -  

o r  n i t r i d e  coa t ing ,  t h i s  cy l inde r  w a s  found t o  have a conductjon cormc- 

t i o n  f a c t o r  of approximF-tely 0.22. Cylinder E was used i n  e s s e n t i a l l y  

a bruand new condi t ion  and i n i t  tally showed a conduction c o r r e c t i o n  

f 'actor of approximately 0.45 but  t h i s  vnluth f e l l  during Lhe runs t o  

approximately 0.41. 

Koh and drl Casal (21) take  s p e c i f i c  n o t '  d ice  of the f a c t  t h a t  t hc  

c>xperimentall y measured thermal conductivit,y of porous n i c k e l  Foam-tal 

js less than the v d u c  p r e d i c t r d  by the  iise of t h e  poTosity c o r r e c t i o n  



f a c t o r  (one minus the po ros i ty )  by a f a c t o r  of about s ix .  

co r rec t ion  f a c t o r  reported by Koh and d e l  Casal f o r  the n i c k e l  Foametal 

matr ices  range from a value of 0.242 a t  a p o r o s i t y  of 0.42 t o  a value 

of 0.151 at  a po ros i ty  of O. ' 7 j5 .  

The conduction 
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Analysis of Experimental E r ro r s  

- Divergent Data 

Dm of the  d a t a  po in t s  from t h i s  s tudy  whi.ch a r e  shown i n  Figure 17 

l i e  wel.2. below the  main group of experimental. da ta .  There a r e  a l s o  e igh t  

d a t a  rims which a r e  tabu-lated i n  Appecdix C which d id  not converge. Thai; 

i s ,  no value of t h e  hea t  transfer c o e f f i c i e n t s  was f o ~ m d  from which a 

f o w t h  boundary condition could be ca l cu la t ed  corresponding to the meas- 

u?-ed f o u r t h  boundary condi t ion .  The reasons f o r  the  sca t t e red  d . a t a  

p o i n t s  aid t he  lack of convergence of t h e  ot'rier d a t a  runs arc understood 

and a r e  symptoms of t h e  major experimental  d i f f i c u l t y  encountered i n  this 

study. 

The u n c e r t a i n t i e s  i n  t h i s  study stem from problems a s s o c i n t e d w i t h  

ob taj-ning equi l i~br ium condi t ions  under which t o  take measurements of 

t he  system. The i . n s t a b i l i t y  of t h e  experimental  system was due, i n  tu rn ,  

1,xrgeLy t o  f l u c t u a t i o n  i n  t h e  e l e c t r i c a l  con tac t  r e s i s t a n c e  xt i;ho i n t e r -  

rape _ _ -  <: between the tungsten,  t h e  grtiphite washers, and tile p i e r s .  

The experimental  system could be charac te r ized  as metastable.  If the  

system was i h i t i a l l y  stable with  fair1.y uniform contac t  between Lhe t u i g -  

s t en ,  g raph i t e ,  and p i e r s ,  t he  tungs ten  would hea t  fairly uniformly cw-d 

a very good gas seal was obtained between t h e  tungsten cylinder m d  the  

p ie rs .  However, as the  run proceeded it i s  reasonable  t o  assume that 

various thermal s t r e s s e s  developed throughout the  experimental  appa.rat,us 

as i t s  components were heated by the power being generated i n  the q p a -  

r.a.ti..is. Some s t r e s s e s  were handled by the syntem o f  s p r k g  loaded s t a i n -  

Ic;s s t e e l  studs used l;o maintain pressure on the tungsten and the 

graphite. €Iowever', t h e  me tastab1.e na tu re  of t h e  system appeared when 

. ;r ~lcncoax ia l  load changed the pressure  and the re fo re  t h c :  C G l l t X t ,  



r e s i s t a n c e  around t h e  circumference of one f ace  of 8 graph i t e  washer. 

The increased pressure  and the  r e s u l t i n g  reduced e l e c t r i c a l  r e s i s t a n c e  

at, t h e  pressvre  po in t  would generate  more hea t  a t  t h i s  po in t  because 

power genera t ion  a t  constant  vo l tage  i s  inve r se ly  proport i -onal  t o  r e s i s -  

tance.  Thermal- expansion a t  t h i s  po in t  would then  increase  t h e  magnitude 

of t he  hot  spot .  Gas leakage a t  po in t s  o the r  than the  hot  spot  would 

i n  turn. s e l e c t i v e l y  cool  t he  balance of t he  circumference. 

This p a t t e r n  of opera t ion  w a s  general-ly observed. I n  order  to 

gather  experimental d a t a  it w a s  necessary to bring t he  system from a 

cold s t a t e  i n t o  one opera t ing  near  t h e  des i r ed  condi-Lions i n  a period 

on t,he order  of s eve ra l  minutes. During t he  f a i r l y  sho r t  stab1.e per iod  

of t h e  apparatus i t  w a s  necessary t o  take  measurements, o f t e n  while t h e  

system w a s  s t i l l  f l ~ u c t u a t i n g .  The experimental  rim w a s  i nva r i ab ly  t e r -  

minated by the  onset  of t he  unstabl-e corlditions descr ibed previousl~y.  

It was -very d i f f i c u - l t  t o  s h i f t  t he  experiment t o  a region of a d i f f e r e n t  

gas flow r a t e  o r  hea t  generat ion r a t e  because t h i s  attempted s h i f t  gen- 

e r a l l y  terminated t h e  run by i n i t i a t i n g  the onset of i n s t a b i l i t y .  

The two data po in t s  which l i e  spproxi~mately one order  of ma.gni’cude 

below the  main groiip of d a t a  po in t s  a t  a Reynolds nixnbcr o f  approximately 

lo-‘ a r e  da ta  po in t s  taken during the  s ta r t  of a s e r i c s  of runs when t h e  

experimental  system had not y e t  approached very c lose  t o  equi l ibr ium. 

I n  add i t ion  t o  t he  scat, tered da ta  po in t s  there  were t w o  runs 

usiny n i t rogen  as the  coolant which d id  not  converge. One of t hese  

runs was made  a ’ ~  a po in t  i n  time edjacent  t o  one of t h e  rims which had 

produced the  s c a t t r r r d  da t a  poin t .  l?lc Sam? reasons woul d seem t o  

expla in  why t h i s  run f a i l e d  t o  convtrge. Thc second run us ing  n i t rogen  

which f a i l e d  t o  convergc was being made as the  power and the  temperature 
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i n  t h e  system were f a l l i . n g  rapi.dly j u s t  before  tcrmirmtion of t h e  s e r i e s  

of runs. There were s i x  runs us ing  bel-im gas as t h e  C G O ~ F L ~ I ~  which 

failed t o  converge. 

of approximately 3 stand-aril cubic f e e t  per hour. 'I'hese four runs were 

t h e  s t a r t - u p  runs for a s e r i e s  of runs and the system may nut y e t  have 

been i n  equilibrium. The e f f e c t  of gas  conduction would. have need.ed t o  

have been considered i n  t h e s e  runs s ince  t h e  r-m usi.ng helium a t  a flow 

r a t e  of' 8 st'mdard cubic feet per  hour showed gas conduction e f f e c t s  

comparable t o  t h e  e f f e c t  of hea t  t r a n s f e r  by f l u i d  t r a n s p c r t .  'file 

I-owest flow r a t e  i n  helium runs which d i d  converge w a s  zpproximaf;ely 

8 s tandard  cubic f e e t  per  hour which corresponded t o  a Reynolds num'oe~ 

of approximately 1.0 . The o the r  t w o  runs using helfutn which f a i l e d  t o  

converge had gas flow rates of approximately 30 stanciard cubic fee!; per 

hours. Since t h i s  s e r i e s  of runs was terminated just; after t hese  two 

runs due t o  the iristabif.i.ty of the  system descri.bed above, tlzere 3s a, 

strong suspic ion  t h a t  .the high flow r a t e s  of these  two ruas  represent 

the onse t  of 1.eakage around t he  ends of t h e  tixngsten cyl.inder. 

Four of these  runs were a t  very l o w  gas flow r a t e s  

-2 

Miscellaneous J1.ist iEicnti  ons 

It has been noted t h a t  i n t e r p a r t i c l e  r a d i a t i v e  hea t  t r a n s f e r  

e f f e c t s  wi th in  t h e  porous tungsten have been negl.ectt:-il clue t o  tiit:- €'act 

that the  porous m a t e r i a l  -forms a w a l l  composed of a l a rge  nuEbc-1. of 

racli.ation s t i ie1.d~.  The neg lec t  of the r a d i a t i v e  eontribu.t ica t o  t,hermal. 

conductLivity i s  f u r t h e r  j u s t i f i e d  by eva lua t ing  a c o r r e l a t i o n  of 

Domkohl.er t h z t  estimat,t.s the r a d i a t i v e  con t r ibu t ion  Lo thermal 1 

Cited  by McAdruns (24). 1 
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conduct iv i ty  i n  a packed bed of known poros i ty  and p a r t i c l e  diameter a t  

a given temperature. The r a d i a t i v e  cont r ibu t ion  t o  t h e m a l  conduction 

i n  t h i s  study would be 1 .5  t o  2 orders  of magni‘iucle smal-ler than the  

thermal cond.ucti-vil;y of tungsten.  Even by consider ing the  thermal. 

conductiv-ity of t h e  porous twigsten when reduced by the  volurnetx-ic 

po ros i ty  f a c t o r  and the  conduction cor rec t ion  fac‘ior, t he  r a d i a t i v e  

cont r ibu t ion  t o  thermal conductivi.ty would s t i l l .  be approximately an 

order  of magnitude szaal.l-er than the  r e s i d u a l  thermal conducl ivi ty .  

The temperature pr.ofile through the  cylind.er wa l l  i s  q u i t e  f l a t .  

This f a c t  con t r ibu te s  t o  the  v a l i d i t y  of the  assumption t h a t  the co- 

ord ina te  t ransform from cyl i -ndr ica l  t o  rec tangular  coord.inates i s  

j u s t i f i e d .  

s u f f i c i e n t l y  t h i n  walled so  t h a t  t he  d i f f e rence  between the  mean a-seas 

f o r  c y l i n d r i c a l  and rec tangular  conduction d i d  not di .ffer by two per-  

cen t .  The f l a t  temperature p r o f i l e  through the  w a l l  suggests  t h a t  

there  would not be any r a d i a l  dependence on teniperatu.re i n  the  so1j.d 

phase. 

It has been previously noted t h a t  the hollow cyl inder  w a s  

The Reynolds number will drop as  t h e  gas flows rad ia l - ly  outward 

through the  cy l inder  ~ 2 ~ 1 . 1  because the  c ros s  secLiona1 area  f o r  flow 

at  any given rad ius  i s  increas ing .  The quest ion then becomes whether 

or  not the  use of a mean value f o r  t he  Reynolds l imber i s  a s a t i s f a c t o r y  

method f o r  determining the  hea t  t r a n s f e r  coe f f i c i en t .  

While the  heat  t r a n s f e r  c o e f f i c i e n t  will decrease as the gas flows 

outward through the  wall, the  vol.ime of porous material. avai1a.bl.e for  

hea t  t r a n s f e r  a t  any gi-ven rad ius  w i l l .  increase .  The heat  - t ransfer red  

by convective heat  t r a n s f e r  a t  any- rad ius  w i . 1 1  be proportional t o  ‘ihe 

prodiict of tile heat t r a n s r c r  coeff i .c ient  and the  volume of the  cy l inder  
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a t  t h a t  r ad ius  s ince  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  i s  a volumetric h e a t  

t r a n s f e r  c o e f f i c i e n t .  

l a t i o n ,  t he  reduct ion  i n  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  i s  o f f s e t  by the  

inc rease  i n  t h e  volume wi th  a r e s u l t i n g  uni formi ty  i n  the  h e a t  t r a n s f e r  

at any given r a d i u s .  Since t h e  s lope  of the  TJusselt-Heyn0ld.s co.rrc- 

l a t i o n  is  cl-ose t o  one, t h e  flux ac ross  t h e  cy l inde r  w a l l  should have 

n e a r l y  the  uni formi ty  of a f l a t  wall. 

For a slope of one on t h e  Nusselt-Reynolds cor re-  

The thi.nness of t h e  cy l inde r  wall, t h e  f l a t  wall temperature pro- 

f i l e >  and t h e  n a t u r e  of t h e  vol.umetric hea t  t r a n s f e r  c o e f f i c i e n t  shoi1l.d 

all combine t o  j u s t i f y  the  assumption t h a t  t he  cy l inde r  wall can be 

rep laced  by an equiva len t  f l a t  w a l l .  

The axial temperature p i - o f i l e  was approximated by t h e  f i rs t  f i v e  

terms of a Four ie r  s e r i e s .  The use of t h i s  number 0-T terms wou3-d seem 

to Pe justified a f t e r  examining t h e  magnitude of t h e  coef f ic ienLs  €or 

each of t h e  f i v e  terms of the Fourier s e r i e s .  

The fifth t e r m  of t h e  s e r i e s  was found t o  be contributi .ng only  a 

few percent of the sum represented  by t h e  terms of the s e r i e s .  ??lis 

wcu.ld gene ra l ly  i n d i c a t e  t h a t  t h e  major components of t h e  s e r i e s  h:id 

heen descr ibed  by the  f i r s t  fou r  terms and t h a t  no major change i n  the 

seri.es would be expected. by t h e  inc lus ion  of a d d i t i o n a l  terms. 

E-Cfect of E r r o r s  i n  Selected V a r i  a'oles 

I n  order  t o  determine t h e  e f f e c t  of experimental  Unce r t a in t i e s  on 

th(1 r e s u l t s  of t h i s  study, var ious  components of t h e  input  da t a  for  one 

rim were a l t c r ? d  by 10 t o  50  percent, i n  order  t o  r ep resen t  the effect 

of ?xperimentnl errors. The e f f e c t  of t hese  changes on t h e  calci i la ted 

'iczt3 Lrnasfer c o e f f i c i e n t  a r e  considered. 
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The temperature of thermocouple number 1 4  which w a s  loca ted  in s ide  

the  hol.low tungsten cy l inder  w a s  decreased by 10 percent  which cor re-  

sponded t o  a temperature reduct ion of approximately lOgoF'. 

of t h i s  change on t h e  hea t  t r a n s f e r  c o e f f i c i e n t  was neg l ig ib l e .  Tne 

value of  t he  hea t  t r a n s f e r  c o e f f i c i e n t  was only reduced by 1 percent .  

This e r r o r  of 10g°F rep resen t s  a much l a r g e r  e r r o r  than would be expected 

f o r  the  s t a i n l e s s  s t e e l  sheathed thermocouple. However, it can be seen 

t h a t  even f o r  e r r o r s  of t h i s  magnitude the  e f f e c t  on the  hea t  t r a n s f e r  

c o e f f i c i e n t  i s  qu i t e  small .  

The eyfec t  

The temperature of thi.s thermocouple does not  appear t o  be c r i t i c a l .  

because t h e  hea t  l o s s  t o  t h i s  thermocouple from the tungsten cy l inder  i s  

r e l a t i v e l y  small i n  the  overall heat  balance,  on1.y about 7 percent  of 

the  heat  flux from the  tungsten cy l inder .  'lbe small s ign i f i cance  of 

thermocouple number 11.) should j u s t i f y  the  runs i n  which this thermo- 

couple was removed from the  in s ide  of the  tunss ten  cy l inder  and an 

ad iaba t i c  i n s ide  wall. w a s  assumed for t he  cy l inder .  

The temperature of thermocouple number 6 which was loca ted  near  

t he  outer  edge of the  Marini te  d i sks  was decreased by 20 percent  which 

corresponded t o  a temperature reduct ion of approxi-mately 1.23QF. The 

e f f e c t  of t h i s  change was t o  reduce the  hea t  t r a n s f e r  coef f i -c ien t  by 

approximately 14 percent .  An e r r o r  of 123OF would be a l a rge  error, 

even f o r  a. bare  thermocouple p a i r .  The s i g n i f i c a n t  e f f e c t  of t h i s  

parameter on the value or" t he  heat  t r a n s f e r  c o e f f i c i e n t  would seem t o  

be due t o  tiit. f a c t  t h a t  ihis temperature i s  used i n  the  eva lua t ion  of 

the hea t  balance through the Marinite d i sks  which i s  i n  t u r n  r e l a t e 2  t o  

the  r a d i a t i v e  heat  loss from the  outs ide  wall of the tungsten cy l inder .  
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Since the  r a d i a t i v e  hea t  loss from t h e  outer  tungs ten  wa3-3. i s  

approximately 37 percent  of t he  hea t  flux from t h e  tungsten cy l inde r ,  

t h e  parameters which p l ay  a par t  i n  t h e  c a l c u l a t i o n  of t h i s  hea t  flux 

cou1.d have a s i g n i f i c a n t  r o l e  i n  t h e  determinat ion of 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 .  

The average value used for t h e  hea t  capac i ty  of the  gas during t t s  

passage through t h e  porous tungs ten  w a s  increased  by 10 percent. 

e f f e c t  of t h i s  change was t o  reduce the  calcul-ated. value of the hea.t 

t r a n s f e r  c o e f f i c i e n t  by approximately 7 percent .  This i s  not a par -  

t i c u l a r l y  c r i t i c a l  parameter s ince  i t s  value as a func t ion  of t;emperatu-r.e 

i s  w e l l  known and it should be p o s s i b l e  t o  cons t ruc t  models i.n which t h e  

temperature dependence of t h e  hea t  capac i ty  of t he  gas was taken i n t o  

account. 

The 

thermal conduc t iv i ty  of t h e  tungs ten  w a s  reduced '0-y 10 percent. 

This r e s u l t e d  i n  a reduct ion  i n  t h e  c a l c u l a t e d  value of t he  heaf; trms- 

f e r  c o e f f i c i e n t  of approximately 1-5 percent .  'The s e m i - t i v i t y  of t h e  

hea t  t l-ansfer c o e f f i c i e n t  to the thermal conduc t iv i ty  might seem s t range  

i n  vi.ew of the very  f l . a t  temperature p r o f i l e  w i th in  the  wa l l  of t h e  

t imgsten cy l inde r .  However, t h e  thermal  conduc t iv i ty  i s  d i r e c t l y  in-  

volved i n  t h e  determinati-on of t he  temperature g rad ien t  at t h e  wa l l s  of 

t h e  tungsten cy l inde r .  Thi.s does po in t  up the  need f o r  more n e a r l y  

acliabatic walls on the  porous m a t e r i a l  i n  order t o  reduce t h e  dependency 

of t h e  hea t  t r a n s f e r  c o e f f i c i e n t  on t h i s  value. I n  add i t ion  t o  t h e  

involvement of t h e  therrna.1 conducti.vity i n  boundary e0ndi.t ions a t  t h e  

i n s i d e  and. ou t s ide  w a l l s  of t he  tungsten cy l inde r ,  i n  t h i s  pa r t i cu l - a r  

run t h e r e  i s  a h e a t  f l u x  i n t o  the  cyl.inder from both  p i e r s  which 

amounts to h a l f  of t h e  h e a t  f lux from t h e  tungs ten  cylinder. 
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Accordingly the  thermal conduct iv i ty  i s  d i r e c t l y  i-nvolved with the  flow 

of t h i s  hea t  i n t o  the  cy l inder .  fgain,  t h e  po in t  can be made t h a t  axial  

hea t  fl-ows such a s  these  should be he ld  to a minimum i n  order  t o  reduce 

t h e  need f o r  cons idera t ion  of such e f f e c t s .  

Since the  length-over-area conduction co r rec t ion  f a c t o r  i s  always 

found i n  conjunction with the thermal. conduct iv i ty  the  previous obser- 

va t ions  regarding thermal- conduct iv i ty  a r e  equal-ly appl icable  t o  the 

conduction co r rec t ion  fa,ctor.  The s e n s i t i v i t y  of t h e  hea t  transferr 

c o e f f i c i e n t  t o  these  parameters should f u r t h e r  support  the  observat ions 

made i n  t h i s  s tudy and c i t e d  elsewhere t h a t  t he re  i s  a need for experi-  

mental da t a  f o r  t he  determination of what values  shou1.d be used f o r  con- 

duction i n  porous mater ia l s .  

It should be noted t h a t  .the values  of thermal. conduct iv i ty  used i n  

this study, while taken as a constant  value f o r  the  e n t i r e  tungsten 

cy l inder ,  were evaluated a s  a funct ion of temperature based on t h e  

average temFerature of the  tungsten cy l inder .  

The amount of preheat ing t h a t  the  hcorning gas u.n.d.erwent iii the  

lower s t a i n l e s s  s t e e l  p i e r  was increased by 50 percent  based on the 

present  p i e r  e x i t  temperature i n  OF. This increase  i n  prehea t ing  of 

t h e  gas amounted t o  approximately 96°F. 

to r a i s e  the  ca l cu la t ed  value of the  hea t  t r a n s f e r  c o e f f i c i e n t  by 

approximately 16 percent .  

pie.;- had been caJ-culated t o  be approximately 128'~. 

'The incominp, gas passed through a 1/8 j.n. diameter p ipe  i n  i t s  

; ~ ~ s a { ; e  i n t o  the  i n t e r i o r  of the  tungsten cy l inder .  'This 1/8 i n .  

diameter pipe was approximately 5 t o  6 inches long and cons is ted  of' the 

The e f f e c t  of t h i s  change w a s  

The preheat ing normally experienced i n  the  



i n s i d e  of t h e  high pressure  f i t t i n g  on the  lower bus block, one h c h  of 

passage through t h e  bus. block, and 1-3/4 i n .  of t h e  in s ide  of t h e  I.ower 

s t a i n l e s s  steel p i e r .  The Reynol.ds nutnbers f o r  t h e  flow through t h i s  

pipe were on t h e  order  of 10 . -1 

While it would be d i f f i c u l t  t o  say  what t h e  e f f e c t  on the flow 

would be of t h e  var ious  junc t ions  i.n t h e  1/8 in .  i n l e t  passage tt was 

assumed that they  wou1.d be n e g l i g i b l e .  Thus, t h e  prehea t ing  consider- 

a t i o n s  were based on the  temperature p r o f i l e  of the  las t  t h r e e  inches 

of the  1/8 in .  p ipe  assuming t h a t  laminar flow had been developed i n  the  

f i rs t  few inches of t h e  pipe.  The las t  t h r e e  inches of t h e  pTpe were 

used f o r  t h e  prehea t ing  calcul-ation because t h e r e  was no si.gnificsunt 

h e a t i n g  of t h e  h igh  pressure  f i t t i n g  which extended bel-ow t h e  lower bus 

block. The heated t h r e e  inches were assumed t o  s t a r t  j u s t  a s  the gas 

en tered  the  lower b u s  block. 

The hea t  t r a n s f e r  c o e f f i c i e n t s  under these  condi t ions  are described. 

by McAdams and the  va lues  of hD/k which are c i t e d  f o r  t h e  v" a i  ou s mode s 

of flow do not vary  by more than a. f a c t o r  of two. 

c s l ~ c u l a t i o n  using an j-ncreased prehea t ing  value of 9 6 " ~  may t h e r e f o r e  

be i n d i c a t i v e  of t he  e f f e c t  t h a t  v a r i a t i o n  i n  t h e  hea t  transfer c o e f f i -  

c i e n t  might produce i n  tine gas prehea t ing .  

The e f f e c t  of t he  

The change i n  t h e  h e a t  trcansfer c o e f f i c i e n t  due t o  gss prehea t ing  

e f f e c t s  i.s a l so  indi-cat ive o€ the  effect t h a t  gas  absorpti.on of t h e  heat 

from thermocoup1.e number l l t  would have on t h e  hea t  t r a n s f e r  c o e f f i c i e n t  a 

'Rie i nc rease  i n  t h e  ternperat,ure o f  the gas due t o  the  absorp t ion  of the  

hea t  r a d i a t e d  t o  thermocouple number 14 i s  approxi.mately 98"~. 

f u r t h e r  suggests t h a t  thi:: absence of thermocouple number 14 i s  not  only 

a. j u s t i f i e d  but a d e s i r a b l e  condi t ion .  

This 
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The e f f e c t s  of t h e  changed hea t  t r a n s f e r  c o e f f i c i e n t  due t o  the 

increased gas preheat ing a l s o  s l i g h t l y  reduces the  Reynolds number f o r  

t he  flow (due t o  the  higher  v i s c o s i t y  during the  passage through the  

porous tungs ten)  and increases  the  Nussel t  number. 

an adjustment wou1.d be t o  move the da.ta po in t s  from t h i s  study toward 

aligriment with curve D of slope one i n  Figure 1'7. However, such changes 

woulcl not change the  order  of magnitude of the hea t  t r a n s f e r  c o e f f i c i e n t  

and i n  the  case of the  helium runs,  even with several  hundred degrees 

of preheaf;, t he  hea t  t r a n s f e r  c o e f f i c i e n t s  remain q u i t e  small. In  these  

cases  the  e f f e c t  of large prehea t ing  e f f e c t s  does not appear t o  be a l t e r -  

ing the  primary c o r r e l a t i o n  between Nussel t  number and Reynol-ds number 

that. w a s  found i n  thi-s study. 

One r e s u l t  of such 

The f i v e  o p t i c a l  pyrometer temperatures were increased by 10 per-  

The r e s u l t  of t h i s  change cent which amounted t o  approximately 1145'F. 

was t h a t  the  calculated.  value o f  the  hea t  t r a n s f e r  c o e f f i c i e n t  w a s  

de>cressed by approximately 20 percent .  A large change such as t h i s  

wGu1.d be expected s ince nea r ly  all .  parameters i n  t h i s  study a r e  depend- 

en t  on the  temperature of the  tungsten.  I n  addi t ion ,  these  temperatures 

con t ro l  the  r a d i a t i v e  heat  l o s s  a t  Lhe outs ide  w a l l  of t h e  tililgstcn 

,:ylinder and it  has been noted thaL t h i s  i s  a s i g n i f i c a n t  po r t ion  of 

t.ho he2t  f 1 . i ~  from the  tungsten cy l inder .  

However, a n  o p t i c a l  pyrometer temperature e r r o r  of t h i s  magnitude 

would r equ i r e  t h a t  the  s p e c t r a l  emis s iv i ty  of the  porous tungsten be 

much smaller than could  be reasonably expected from a rough, oxidized 

surf a c  e. 
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The e f f e c t  of in t roducing  si.mulated experimental e r r o r s  i n t o  the  

c a l c u l a t i o n s  for t h i s  study show t h a t  t h e  evaluati.on of 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  w a s  subjec t  t o  var ious  u n c e r t a i n t i e s  t h a t  could introduce 

e r r o r s  t h a t  may be estimated t o  be on the  order of 15 t o  20 percent.  

However none of t hese  experimental e r r o r s  wo.uld a l t e r  t h e  magdtude of 

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  which have been found i n  t h i s  study. 

The p o s i t i o n  of the  data i n  t h e  Nusselt-Reynolds c o r r e l a t i o n  shown in 

Figure 1-7 would be e s s e n t i a l l y  unchmged by e r r o r s  t h a t  might reasonaJ3l.y 

be associat,ed wi th  t h i s  study. 

Maximum Overall  Er ror  Estimates 

A "worst case" e r r o r  c a l c u l a t i o n  w a s  carri-ed out by combining f i v e  

of the ind iv idxa l  e r r o r s  i n t o  one case where al.1. of t hese  errors com- 

bined t o  raise t he  ca l cu la t ed  hea t  t r a n s f e r  c o e f f i c i e n t .  The e f f e c t  of 

rai.sing the c a l c u l a t e d  h e a t  t r a n s f e r  c o e f f i c i e n t  w a s  chosen because a 

maJo:r a s s e r t i o n  of t h i s  study i s  t h a t  hea t  t r a n s f e r  c o e f f i c i e n t s  i n  

porous systems a r e  (a t  low ReTynolds numbers) s i g n i f i c a n t l y  lower than 

wo~l1-d be p red - i ckd  by o the r  c o r r e l a t i o n s  i n  the l i - terat iure .  ??IIIs, t'nis 

"worst case" a n a l y s i s  would give some i nd ica t ion  of t he  ex ten t  t o  which 

the conclusions of t h i s  study are dependent on experinient,al ~ T T ' O T T ; .  

The following changes were made f o r  t he  "worst case" ana lys i s .  

The temperature of thermocouple number 14 w a s  increased by 10 percent .  

I k e  t e q e r a t u r e  of thermocouple number 6 w a s  increased  by 20 perceni;. 

The averag:? value of t he  f1ui.d hea t  capac i ty  during i t s  passage through 

the porous tungsten was decreased by 10 percent .  The thermal condiuc- 

t i v i L y  of tungsten w a s  increased  by LO percent.  The auioi.int of gas 

prehea t ing  i n  t h e  s t a i n l e s s  s t e e l  p i e r  was increased  by 50 percent .  



1-08 

N o  change w a s  made i n  the  f i v e  observed o p t i c a l  pyrometer tem- 

pe ra tu res  f o r  t he  "worst case" a n a l y s i s  f o r  .the following reason. The 

f i v e  parameters t h a t  were per turbed  f o r  t h i s  a n a l y s i s  might reasonably 

be siispected of erroi's which could vary s y r i e  L r i c a l l y  about t he  t r u e  

value,  i . e . ,  e r r o r s  might be eiLher p o s i t i v e  or nega t ive .  The poss ib l e  

e r r o r s  i n  t h e  opt ical .  pyrometer temperatures  woul-d, however, be markedly 

asynmetr ical  s ince  the  observed op . t ica l  pyrome.t;er temperatures repre-  

sent a lower l i m i t  from which t h e  t r u e  value could only vary  upward. 

It wouLd~ be extremely iml ike ly  f o r  t h e  t r u e  sur face  temperature of t h e  

tungs ten  t o  be l e s s  than the  observed value.  Therefore, d.ue t o  t he  

na ture  of t h e  optical. pyrometer temperature measurements and t h e  f a c t  

t h a t  i nc reas ing  t h e  observed u p t i c a l  pyrome-Ler temperatures  would, i n  

f a c t ,  decrease t h e  c a l c u l a t e d  hea t  t r a n s f e r  c o e f f i c i e n t ,  t he  l e a s t  

decrease i n  the  ca l cu la t ed  h e a t  t r a n s f e r  c o e f f i c i e n t  can be obtained by 

not changing t h e  observed  optical^ pyrometer temperatures f o r  t h e  "worst 

case" ana lys i s .  

'The r e s u l t  of .the "worst case" was t o  rai.se t h e  c a l c u l a t e d  hea t  

t r a n s f e r  c o e f f i c i e n t  by a f a c t o r  of approximately 2.5;. 

'Thus, as  w a s  observed f o r  the ind iv idua l  errors,  t he  r e s u l t s  of 

thz "-Imrst case" e r r o r  would s t i l l  not change Lhe magni-tude of the hea t  

t r a n s f e r  c o e f f i c i e n t s  ca l cu la t ed  i n  t h i s  study nor would i.t change the  

genera l  na ture  of t h e  hea t  t r a n s f e r  carrel-ation f o r  porous ma te r i a l  

t h a t  was determined i n  this study. 



C ONC LUS IONS 

It was p o s s i b l e  t o  b u i l d  and. opera te  a simple experimental 

appara tus  f o r  s t u d i e s  involving h e a t  genera t ing  porous ma te r i a l s  us ing  

porous tungs ten  heated by d i r e c t  cu r ren t .  The major problem i n  t h e  use 

of t h i s  apparatus was t h a t  of ob ta in ing  uniform and reproilucible contac t  

r e s i s t a n c e s  a t  the  tungs ten-graphi te  s t a i n l e s s  s t e e l  i n t e r f a c e s  I This 

disadvantage w a s  o f f s e t  by t h e  advantage of being able  t o  i i se less 

expensive i n d i v i d u a l  components f o r  experimental  s tud ie s .  The use of 

s epa ra t e  tungsten,  g raph i t e ,  and p i e r  components allowed gre,at f l e x i -  

bT l i ty .  This  would not  have been p o s s i b l e  i f  t h e  porous tungsten had 

been welded or otherwise mechanically a t t ached  t o  t h e  p i e r s .  In par- 

t i c u l a r ,  t h e  reduct ion  of t h e  a x i a l  temperature g rad ien t  by t h e  use of 

t he  g raph i t e  washers a6 combinatJion hea t  sources and thermal  conduc- 

t i v i t y  i n s u l a t o r s  would not have been poss ib l e .  

The equations f o r  h e a t  t r a n s f e r  i n  a hea t  genera t ing ,  f l u i d  cooled, 

f l a t  porous p l a t e  were deri.ved. These equations were success fu l ly  

extended t o  descrj-be the  hollow porous tungs ten  cyl.inder used i n  t h i s  

study. 

1he hea t  t r a n s f e r  c o e f f i c i e n t s  found i n  thi.s stludy show good agree- 

ment wi th  o the r  experimental measurements of hea t  t r a n s f e r  i n  porous 

mate r i a l s .  The d a t a  f o r  the porous ma te r i a l s  examined i n  t11i.s study 

show t h a t  h e a t  t r a n s f e r  c o e f f i c i e n t s  on t h e  order  of lo-' ( f o r  Nussel t  

numbers on the ord.er of lo-") a r e  found a t  Reynolds ntlmbers on the  order 

of 10-l. 

porous ma te r i a l s  which a re  ex t r apo la t ed  from hea t  transfer dat;a i n  

sma1.1. tubes or i n  beds of gr.anular material.,  t h e  r e s u l t s  of t h i s  study 

I n  comparison with other correl.a.tions f o r  hea t  t r a n s f e r  i n  



found hea t  t r a n s f e r  c o e f f i c i e n t s  t w o  or t h ree  orders of m a e i t u d e  lower 

than  those pred ic t ed  by these  c o r r e l a t i o n s .  The use of c o r r e l a t i o n s  

which p r e d i c t  high values of hea t  t r a n s f e r  c o e f f i c i e n t s  can continue 

t o  f a s t e r  t he  b a s i c a l l y  inco r rec t  i dea  t h a t  the temperature of t h e  s o l i d  

and f l u i d  phase a r e  e s s e n t i a l l y  i d e n t i c a l  i n  porous ma te r i a l s .  D i f f c r -  

ences of s e v e r a l  hundred degrees F between t h e  s o l i d  arid f l u i d  tcmpera- 

t u r e  were computed f o r  t h e  porous tungs ten  i n  t h i s  study. 

"he e f f e c t s  of f l u i d  phase hea t  conduction which were neglec ted  

i n  t h e  study were found t o  account f o r  only a small percentage OP t h e  

f l u i d  hea t  t r a n s p o r t  e f f e c t  i n  t h e  major i ty  of t h e  cases  s tudied.  

It was poss ib l e  t o  eva lua te  a length-over-area conduction cor rec-  

t i o n  f a c t o r  i n  t h i s  study a n d  t o  apply it t o  t h e  determinat ion of 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  i n  porous tungsten.  The conduction cor rec-  

t i o n  f a c t o r  t h a t  was computed i n d i c a t e s  t h a t  t h e  e f f e c t i v e  conduction 

of porous tungsten should be reduced by a f a c t o r  of from 0.25 t o  0.4 

over and above cor rec t ions  based on t h e  volumetric p o r o s i t y  of the 

tungsten.  
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Future s t u d i e s  should consider e l imina t ing  the  g raph i t e  washers 

from t h e  expcritnental system. The graph i t e  washer d i d  serve  a usefill 

purpose i n  providing a mechanical s e a l  and serv ing  as a thermal barrier 

a t  t h e  m d s  of the  tungsten cy l inder .  Howevcr, t h e  problems of f l u c -  

t u a t i n g  contac t  r e s i s t a n c e s  a t  these  washers suggest t h a t  f u t u r e  s t u d i e s  

should usc large porous specimens which can be welded o r  otherwise 

mech,znically a t t ached  t o  a supporting p i e r .  Larger porous specimens 

would be d e s i r a b l e  s ince  t h e  welding process would modify t h e  poroiis 

s t r u c t u r e  ad jacent  t o  the  weld and t h i s  modified region should occupy 

only a small  percentage of t h e  porous specimen. Other techniques for  

ob ta in ing  a f l a t  axial .  temperature p r o f i l e ,  such as separa te  el.ectrica.1 

hea t ing  c i r c u i t s  f o r  the  p ie rs ,  should be considered. 

The measurement of t h e  sur face  temperature of porous ma te r i a l s  

by the  use of o p t i c a l  pyrometry has e l imina ted  any p o s s i b i l i t y  t h a t  

t h e  na tu re  of the porous medium was a l t e r e d  at t h e  po in t  of temperature 

measurement. However, i n  order  to e l imina te  problems which a r e  assoc i -  

a t ed  wi th  t h e  opera t ion  of a porous system a t  h igh  temperature, con- 

s i d e r a t  ion should- be gi.ven to t he  USF Of teUlpera.tUre UEaSUrillg deV?Ces 

which. could be a t t ached  t o  the sur face  of t h e  porous m a t e r i a l  and a1.10~ 

opera t ion  a t  a lower tenrperst,ure. 

If t h e r e  i s  a need f o r  opera t ion  of t h e  porous system at  high tern- 

nc ra tu re s ,  t h e  use of two co lo r  op t i ca l  pyrometers would e l imina te  the 

need for extc.nsivc emissivi  t y  cor rec t ions  i n  t e m p r a t u r e  mr--txurerrrnt cn,j 

provide b e t t e r  va lues  f o r  use i n  r a d i a t i v e  h e s t  t r a n s f e r  c a l c u l a t i o n s .  
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Direc t  measurement of the conduction co r rec t ion  f a c t o r s  foi- 

e l e c t r i c a l  and  thermal conduction i n  porous specimens should be c a r r i e d  

out prior t o  u t i l i z i n g  them i n  experiments. This information would be 

p a r t i c u l a r l y  usefu l  i f  the  apparatus w a s  t o  be operated a t  tsuiperatures 

which corresponded t o  t h a t  a t  which the co r rec t ion  f a c t o r  was measured. 

The USP of heat, generat ing porous mater ia l s  as a device f o r  the 

uieasurernent of the hea t  t r a n s f e r  c o e f f i c i e n t  should be continued and 

extended as  t h i s  apparatus e l imina tes  the  problems assocj ated with the  

measurement of hea t  t r a n s f e r  c o e f f i c i e n t s  by t r a n s i e n t  means. 
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APPENDIX A 

Derivation of Equations 



A l l  parameters a r e  independent of  T', t ,  x, and z. "lie s o l i d  and 

f l u i d  temperatures a r e  a func t ion  of x a d  z. 

T = T ( x , z )  

t = t (x ,z )  

A t  s teady s t a t e  with no accumulation of hea t  the  hea t  balance 

f o r  the  s o l i d  phase of the  dx element i n  Figure 1 i s  hea t  i n  = heat  

out .  

= ryj. 

? Net h c s t  i n  by conduction = ky2V T. Heat i n  by generat ion 

Heat out by convective hea t  t r a n s f e r  -r hs(T- t ) .  

2 ky2V T -t- r y  = h e ( T - t )  
3 

A t  s teady s t a t e  w i t h  no  accumulation of heat  the hea t  balance 

for  the f l u i d  phase of the dx element i n  Figure 1 i s  hea t  i n  = hea t  

out .  

f l u i d  t r anspor t  = F Cp6 

Heat i n  by convective hea t  t r a n s f e r  = he( 'P-t) .  Net hea t  out by 

dt /dx.  2 

h € ( T - t )  = F Cp 62 dt/dx (25) 

The volumetric heat  generat ion r a t e  i s  expressed as a l i n e a r  

fumction of s o l i d  phase temperature.  

T'ne volurncirie heat generat ion r a t e  i s  the re fo re  a func t ion  of x and z. 

These func t ions  a re  assumed t o  be separable .  

G :-I G ( x , z )  = X(x) Z ( z )  

The following r e l a t i o n s  may be derived:  



Equation (24) now becomes 

and equat ion (25) becomes 

h c ( G  - Go - 0%) = CXFCpS, dt/dx (32) 

D i f f e r e n t i a t i o n  of equation (3l)  with respect  t o  x and the  s u b s t i t u t i o n  

of t h e  X and Z components of G gives 

ky (X'" 2 + X'Z'') + QX'Z = ht.(X'Z - adt /dx)  (33 1 2 

Solu t ion  of equation (33) for  dt/dx gives 

Subs t i t u t ion  of dt/dx from equa t ion  (34) i n t o  equation (32) g ives  

up on r e  ar. i'm g e me n t 

X " ' Z  + bX"Z - (c  - a) X ' Z  + X ' Z "  + bal% + bXZ" = 0 (3s 1 

a = O"/ky2 

b hc/FCp8, 

( 3 6 )  

(3'7 1 

and 

c = he/ky2 
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I n  ordcr  t o  scpai-ate the  z func t ion  from equation (35) a form of z 

func t ion  i s  choscn which w i l l  s a t i s f y  the condi t ion :  

The Fourier  s e r i e s  s a t i s f i - e s  t h i s  condi t ion.  Subs t i t u t ion  of 

eguaiion ( 5 9 )  i n  equation ( 3 5 )  gives,  a f t e r  cancel ing Z, 

2 X"' + bX" - ( c  - a + A') X' - b( -a  + h )X = 0 

(33) 

(40) 

'Re so lu t ion  of equation (40) i s  

where the  r a re  the  roo t s  of t h e  opera tor  equat ion n 

3 2 2 m3 + bm - (c - a + h ) m - b(-a  + h ) = 0 

The Cs a r e  the  cons tan ts  of i n t eg ra t ion .  

One solution for G i n  equat ion (27) i s  now 

or 

IIaving found one of an i n f i n i t y  of so lu t ions  t h e  general. so lu t ion  

f o r  G i s  
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where the  r 

where the f i rs t  f i v e  As are: 

are the 11 r o o t s  of the  i t h  op<>rator equat,ion using h i i n  

A = O  h = h  = n / L  A 4 = A  = % / L  (46) 1 2 3  5 

where L i s  t h e  z 1.ength of the cy l inde r  (wall) and where the first 

f i v e  Z .  are: 
1 

z = 1  
1 

Z = s i n  A. z 
3 3 

= COS h 2 4 4 

Z = s i n  h z 5 5 

Converting back t o  T and approximating t h e  Fourier  series by 

the f i r s t  f ive  terms. 

T =  i n  Z i ( Z )  - ca/a 

By a similar process a solution for t j.s found t o  be 

* 5 
t = 1 (Xi Z i )  - Gola 

i=l 

where 

"i 3x r x  i ~ 2  + * 
i3 e 

+ Ri2 e rilX e Xi - Bil - * 

(49) 



The r e l a t i o n  between the  c o e f f i c i e n t s  of the  t equation and the 

T equat ion i s  foirnd by s u b s t i t u t i n g  the so1uti.on of t h e  T equat ion 

back into equat ion (24). This shows t h a t  

2 2 
( c  - a +- h. - r )/c $ ::I c 

i n  i n  1. i n  

o r  t h a t  

Equmtion (11-9) thus becomes 

is f ~ / ~ ~  me evalua t ion  of t h e  conduction c o r r e c t i o n  factor, 

based on t h e  following ana lys i s .  

i s  expressed i n  the following: 

"he volumetric heat genera t ion  r a t e  

and 

( 5 5  1 

Solu t ion  of equation (26) i n  connection wi.t,h equation (55) shows t h a t  
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Since 

The valur of f 

value of t h e  s o l i d  phase temperature between vol tage  probes A and B 

c a n  be found. 

can be found from equation (57) once the average 
L/A 

When thermal conduction effects i n  the  f l u i d  a r e  included, 

equat ion ( 2 5 )  becornes 

Equation (40) then becomes 

(b,"'}X'''' 1- X"'-i- b ( 1  + ( c  - a + h2)/c')X'' 

2 2 
- ( c  - a. + h )XI - b ( - a  + h )X = 0 (59) 

whr1-c 

'' = hE/kfl , l id '2 (60) 

This equation d i f f e r s  Tram equation (140) only i n  those  t,er.ms which 

involve c '  and i n  t h e  f a c t  that, t h i s  i s  now a f o u r t h  order equation. 
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APPENDIX B 

Experimental Data 
Comtnon Values a.nd Physical C o n s L m t s  
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Table 1 

Common Parameters and Physical  Constants 

R e c t i f i e r  Current Shunt  Facior 

S t e fan - Bo]- L z oiann cons t, ant 0.1'/12 x lo-8 

Total Emissivi ty  of Thermocouple number 111 
Total  Emissivj t y  of tungsten 
Total Emissivi ty  of Marinite 
Spec t ra l  Emissivi ty  of tungsten a t  

0.65 micron wavp length  
Spec t r a l  Emissivi ty  of Marinite a t  

0.65 micron wave I ength 

Ma-rinite Disks : 

Thermal Conductivity B. t . u. /hr . -fZ,. -OF 
Ins ide  Diameter 
Gutside Diameter 
Thermocouple number '( - r ad ius  pos i t i on  
T'nermocouple number 6 - r ad ius  pos i t i on  

'Dm g s t en : 

Density of Sol id  Tungsten 

Coeff ic ien t  of thermal expansjon 
E l e c t r i  ea1 r e s i s t i v i t y  (ohm-ft . ) 

0.14'79 + 4.378 x lO-'ToF -t j. 725 x 

0.95 
1.0 
0.8 

1.0 

0.8 

0.12 I- 5.0 10-5 T O F  
0.5 i n .  
1.75 in .  
0.302 in. 
0.750 i n .  

19.3 gr./cu.cm. 

4.45 x 

lo-8~lloF2-2.0~4 x 10 -1 2; 1 ,o P - 3 

Tflermal Conductj-vi t y  (B. 1;. u. /hr . - f t  . -OF) 
TO K 

1100 

1.200 

1300 

1400 

78.52 -. .oogg (T"K) 

76.96 - .0086 (TOK) 

77.87 - .0093 ( T O K )  

77:73 - .0092 ( T O K )  

78.81 - ,0099 (T'K) 
1500 

1600 
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Table  1 (Continued) 

Porous Tvngsten: 

Measured i n t e r n a l  area by gas adsorpt ion 

Original Powder Size  

0.011.6 sq. meters/gr. 

20 micron = 6.56 x lo-' ft. 

0.06726 l b .  -rnass/Stmdard Cubic Foot - Nitrogen 
0.01034 lb .  -mass/Stmdard Cubic Foot - Helium 

Viscos i ty :  

pN2 ( 1'0 - - mas s /  f t . - h r  . ) = 0 e 01+01.7 ( ( t ' F/49l. 7) + 0.9349) 0.756 

pKe (1b.-mass/ft.-hr.) = O.O4525((t0F/49l.7) + 0.9349) 0.647 

Iiec2t ~ a p a ~ i t y ( ~ .  ~.U./SCF-OF a t  Constant pressure) 

C (n i t rogen)  = 1.513 x lo-* + 2.426 x lo-' t e R  - 2.557 x 10 -10 
P 

c (helium) 1= 1.289 x 1.0 -2 
P 

Thermal Conductivity - at  t"F:  

(620'F) Cp (t°F) p ( t 'F)  
Ir (B. t .u . /hr . - f t . - 'F)  .z 2 N2 N2 

cp (620'~) (620'~) 
N2 N2 

2 
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UPhqDIX C 

Experimental Data 
Indiv idua l  R u n  Data 



T b B L E  2 

1 N O I V I D W A L  RUN DATA 
O P T I C A L  P Y R O M E T E R  i E M P E R B T U R E S  A N D  C Y L I N D E R  POSITION P A I Q S  

POSITI3N O’d T U N G S T E N  C Y L l h r D E S  l fv  CM. 

3 P T l t A L  P Y R O H E S E P  Y E M P E Q 8 T U R E S  -- D E G R E E S  C 

RUN 
I D E N T I F I C A T I O N  

0 5  
O b  
07  

1 4  
1 5  
16 
2 4  
25  
2 6  
3 1  
32 
3 3 

3 L  
35 
3 5  
3 7  
4 5  
4 6  
47 
4 8  
4 9 
50 
5 1  
52  
53  
5 4  
6 2  
6 4  
6 6  
68 
73 
9 2  
7 4  
7 6  
7 8  
80 
8 2  

08 

--. 

C Y L I N D E R  H2LE 7 8  HOLE 7A 5OLE 6 H O L E  5 HGLF i 
T O P  B C T T O H  
C M .  CP. C M .  T ( C )  CM. T ( C l  C M .  T ( C )  CM. T ( C )  CM. T I C l  

54.29 60 .67  66.30 9 1 3 . 0  63.55 808.0 62.62 
6 4 . 2 9  60.67 6L .30  6 3 9 . 0  63 .56  8 1 1 . 0  6 2 - 6 1  
64 .29  tC .67  6 L . 3 0  9 9 1 . 0  63 .55  929 .0  62.6: 
64.29 bC.67 bv .30  319;. 63.55 3.166. 52.62 
64 .47  60.69 64 .21  $61.0 63 .45  962.0 6 2 . 5 4  
154.4~ 60.69 6L .21  943 .0  63.45 933.0 5 2 . 5 4  
64.47 CC.69 64 .21  081.0 63 .s5  956 .0  62 .54  
66.51 6C.72 6L .24  7 7 0 . 0  6 3 . 4 8  825.0 62.57 
64 .51  6C.72 64 .24  823 .0  6 3 . 4 8  609 .0  62.57 
64.57- 6C.72 64 .24  835.3 63 .40  040.0 62.59 
64 .23  6C.58 64.13 6 4 4 . 3  63 .38  361.0 62.46 
64 .23  6C.58 6 4 . i 3  955 .3  6 3 - 3 8  3 8 1 . 0  62.46 
64 .23  6C.5E 6 4 . : 3  562.3 5 3 . 3 8  870 .0  62.46 
64 .23  63.56 64 .13  854 .3  63.38 85S.G 62.46 
54 .23  60.58 6L.11 091.0 6 3 . 3 8  8 8 1 . 0  62.46 
5 4 . 2 3  60.58 64.:?1 310.0 5 3 . 3 8  6387.0 e2.46 
6 4 . 2 3  6C.56 6L.13 923 .0  6 3 . 3 8  904 .0  52.46 
6 4 . 1 9  60 .39  6 ’ . 9 8  1 0 4 0 .  63.22 870 .0  6 2 - 2 9  
6 4 - 1 9  6C.39 6 3 . 9 8  1 0 9 7 .  63.22 971 .0  62 .29  
64 .19  50.39 6 2 . $ 0  l a 2 8 .  5 3 . 2 2  1 0 7 2 .  62 .29  
64 .19  6C.39 6Z .98  i t 0 5 .  6 3 . 2 2  1 0 0 5 .  62.29 
64 .19  t C . 3 9  53-98 ? : I I .  63.22 1 3 6 9 .  62.29 
bn.19 6C.39 6* ‘ . 98  106s. 63.22 1 0 0 2 .  62.29 
64 .19  bC.39 63.Y8 1060. 63.22 983.0 62 .29  
64.19 6C.39 63 .93  1 3 2 5 .  6 2 . 2 2  9 5 3 . 0  t 2 . 2 9  
64.19 69.39 63.58 932 .0  63.22 864.3 62.29 
6 4 . 1 9  CC.39 65 .98  9 5 5 . 6  63.22 596 .0  C2.29 
64.09 60.44 64.02 758.0 63 .25  318.C1 62.3A 
~ A . 0 9  8 4 . 4 4  84.02 755 .0  63 .25  018.0 62 .34  
54.C9 64 .44  66.02 759.0 63.25 795 .0  52.34 
64.C9 6C.44 64.32 759 .0  63 .25  795.0 62.34 
64.i19 SC.44 64.02 868.3 53 .25  9 i 9 . 0  52.34 
6 4 - 2 9  80 .44  54-02 835.0  53 .25  936.0 62 .34  

&.E9 5C.44 66.G2 882 .0  63 .25  923 .0  62.3+ 
M . C 9  6C.44 6 4 . 0 2  862.0 63 .25  023.0 62 .34  
&.E9 bC.44 5 4 - 6 2  935.0 63.25 911 .0  62.34 

64.C9 6C.44 54.02 832.0 63 .25  923 .3  62.34 

6 4 s r . C Q  6C.44 6 4 - 0 2  948.0 63 .25  916.0 62.34 

7 7 6 . 0  61.70 824.0 6 0 . 7 6  
7Y4.0 61.68 846.0 60.76 
033.3 61.69 991.0 60.77 
1169.  61.71 1 2 7 3 .  50.76 
971.0 61.61 1338 .  60.73 
912 .0  61.63 971.0 t 0 . 7 ,  
937.0 61.6; 1000. 60.73 
870.0 61 .64  015.0 60.76 
804.C 6 3 - 6 4  863.3  60.76 
e4R.0 61.64 895.0 60.76 
957.0 61 .56  901.0 60.65 
859.0 61 .54  912.0 60.65 
855 .0  6 1 . 5 4  907.0 60.65 
335.0 6 1 . 5 4  898.0 60.S5 
850.3 61.54 ‘315.0 60.65 
836.3 61 .54  939.0 60.65 
662.0 61 .54  029.0 60.65 
1 5 8 . 0  61.37 840.0 60 .47  
860.0 61.37 019.0 60.67 
991.0 6 .37 1009.  60.47 
1 0 5 1 .  4 1 - 5 7  1 0 5 3 .  60.49 
: 0 1 0 .  6,.37 ,GlG. 50.47 
914.0 6L.37  903.0 60.4’ 
P88.0 61.37 879.0 60 . ( .7  
65S.3 61.37 b41.C 60.57 
7 z 4 . Q  6: .57 7’75.Ci 50.47 
8\5-83 69.37 PO0.0  65.47 
WG6.3 61.62 Q28.G 60.51 
886.3 61.42 928.0 60.5: 
865.0 61.42 056.0 60.5‘ 
845.0 61.42 806.0 60.51 
940.0 61.42 956.3 60.5 ’  
043.0 61.42 951.0 60 .51  
925 .0  61.42 935.0 5 0 . 5 1  
923 .0  6L.42 935.0 00.51 
923.0 61.42 035.0 60 .51  
876.0 69.42 969.0 50.53 
887.0 61.42 080.0 50 .51  

926.0 
954.0 
i 0 7 6 .  
1 2 5 6 .  
! 0 3 2 .  
902.0 
100;. 
936.0 
909.0 
93L.O 
904.0 
9 !  5.0 
927.0 
022 .0  
945.0 

q76.0 
1040,  
1005. 
1 1 2 3 .  
1096. 
: 0 7 2 .  
902  .O 
964.0 
935 .0  
863.0 
375.0 
807.0 
99 7 .o 
E171.3 
071.0 
900.0 
884.3 
873 .0  
873.6 
873.0 
943.0 
948.0 

972.0 

LJ 



T A Y L E  3 

I N D I U I D U P L  RUN DAYA 
THERMOMETER A K D  T F E R M C C C U P L E  P E A O I N G S  

A L L  TEMPEPATLJQES I N  DEGREFS F 

R U N  R30H 
l O E Y T  I F  I C A T  10% T E H P E ?  A T L I R E  

05 86 - 4  
04 85.4 
07 85.8 
08 82 - 4  
14 78 .& 
1 5  71.7 
1 6  77. 
24 06. 
2 5  83.7 
26 83.3 
31 78.8 

33 78 - 8  
34 78 " 8  
3 5  80.6 
36 82.4 
37 82.4 
45 8C .4 

47 84.6 
48 84.4 
49 84.2 
50 84 - 2  
5 1  84.2 
52 84.2 
53 83.8 
54 83.8 
62 86.4 
6 4  96 - 4  
66 86.4 
68 86 - 4  
70 86.4 
72 86 -4  
74 96.4 
76 86.4 
7 8  86.4 
00 66. 
82 86. 

32 7 8 . 5  

4'5 e4.4 

INLET G A S  
T E Y P E Z  ATURE 

75. 0 
75. 
74. 
72. 
73. 
7 3. 
73. 
80. P 
76.9 
76.4 
74.5 
74.5 
74. 
74. 
76.5 
78.5 
78.5 
82. 

82.5 
e2.5 

82. 
62. 
82. 
8 2. 
81.5 
79. 
79. 
79.5 
74.5 
80. 
80. 
80. 
80. 
60. 
'9. 
74. 

82. 

82.5 

T H E R M O C O U P L E  S --- 
L O W E R  P I E R  TEMPERATURFS 

NO. 1 NC;. 2 hO. 3 

250. 
262. 
320. 
407. 
323. 
266. 
312. 
313. 
274. 
285. 

308 .  
3 2 4 .  
324. 
3 3 5 .  
355. 
355. 
37c. 
'375. 
395. 
374. 
367. 
334. 
334. 
322. 
295. 
295. 
309. 
309. 
309. 
309. 
286. 
2 86. 
280. 
250. 
274. 
262. 
2 82. 

308. 

307. 
406. 
458. 
613. 
603. 
482. 
580. 
555. 
475. 
487. 
526. 
5 2 6 .  
546. 
546. 
5 5 5 .  
603. 
6 0 0 .  
620. 
620. 
644. 
627. 
604.  
555. 
555. 
526. 
475. 
478. 
565. 
555. 
555. 
565. 
535. 
5 3 6 .  
523. 
523 .  
512. 
528. 
528. 

68 5 .G 
7 1  8. 

1095. 
1079. 
869. 
1038. 
945. 
R O E .  
82s. 
a c e .  
8C8. 
922. 
922. 
050.  
1oc 8. 
1008. 
$ 6 3 .  
$63. 
991. 
9 5 8 .  
922. 
830. 
839. 
794. 
652. 
692. 
98e. 
986. 
988. 
9 8 0 .  
937. 
937. 
915. 
Q i  5. 
9130. 
934. 
934. 

8 0 7 .  

%O. 4 

456.0 
1001 m 
1254. 
1550. 
1345. 
1090. 
1299. 
1198. 
99r. s 
1007. 
1129. 
1129. 
r1c2. 
1162. 
1105. 
1269. 
1269. 
2 3 8 5 .  
13E5. 
1409. 
1342. 
1313. 
1190. 
1190. 
1126. 
1025. 
1025. 
1262.  
1262. 
1262. 
1262. 
1231. 
1231. 
1214. 
1214.  
1194. 
1256. 
1256. 

MAR I N I T E  
OUTER 
KO. 6 

613 .  
617. 
743. 
899. 
765. 
650. 
749. 
56;. 
602. 
594. 
644. 
644. 
705. 
705. 
748. 
419.  
819. 
967. 
S b 7 .  
1007 
943. 

819. 
819. 
783. 
671. 
671. 
669. 
66 9. 
66s.  
669. 
769. 
779. 
783. 
7E 3. 
783. 
R74. 
881. 

878. 

I N T E R  
Y O .  7 

1 1 2 3 .  
1133. 
1476. 
181C. 
153=. 
1161. 
:45c. 
1165. 
1117. 
1143. 
1271. 
1271. 
1295. 
1295. 
1336. 
1420. 
1420. 
154'. 
1 5 4 7 .  
1710. 
1645.  
'1541. 
1190. 
1390. 
1300. 
116:. 
1161. 
1295. 
1295. 
1295. 
Less. 
1429.  
1435. 
1 4 4 9 .  
144Q. 

1501. 
1520. 

1 -  

1440. 

L O W F R  I N S I D E  O U T c I D E  A R E A  

B L O C K  CYL I N D E :  C Y L  1NDEi; tu t iM5EP ' L  

BUS TUNGSTEN T U N S S T E h  T u E F M l r O U P L E  

NO. 9 NO. ? A  

112. 
115. 
127. 
165. 
146. 
130. 
I & ? .  
125. 
120. 
126. 
130. 
1?0. 
1 3 0 .  
138.  
143. 
148. 
148. 
145. 
145. 
156. 
I b i .  
161. 
1 5 7 .  
157. 
152. 
140. 
140. 
I - &  - 3  . 
134. 
134. 

131. 
131. 
130. 
330. 
1.20. 
130. 
1 3 0 .  

1 3 4 .  

! 0 ? 8 .  
1090. 
1 x 1 .  
a 735. 
13: 6. 
933. 

1 L 5 1 .  
10'5. 
1165. 
1735. 
!?35. 
0 2 b .  
036. 
840. 
857. 

1920. 
3920 .  
1014. 
1834. 
1 R i  9. 
?7f'. 
1'54. 

1555. 
1555.  

1'16. 
1 9 3 4 .  
1'34.  
1601. 
: 5a0. 
1 & E & .  
11.84. 
14EL. 
1!Hb. 
1 1 9 h .  

1 ?c  7. 

857. 

1706. 

1716. 

NO. ? b  

bZ:O. 
1 2 1 1 .  
1565.  
2004. 
1400. 
1 2 2 0 .  
1..82. 
1201. 
1 2  60. 
1'05. 
1 3 5 f .  
1356. 
1 x 3 3 .  
13 33.  
1350. 
1r.20. 
1'?0. 
1574. 
1571.. 
1'77. 

1662 
14C'. 
14 $4 . 
1.430. 
12 n4.  
1 1 B P .  
1 3  -0. 
1370. 
I?&:.  
13  6 : .  
1'61. 
14 65. 
14513. 
1460.  
1460.  
1460. 
1490. 

1 7  E?. 

I SO. FT.  1 

. O G !  023 

.00; 02 3 

. O G 1 0 2 2  

.001023 

.001 O? 3 

.oo; 02? 

.00102s 

.001023 

.OO! 3 2 ;  

.00102? 

.001023 

.a01 02 3 . O O i  0 2 2  

.001023 

. G O 1 0 2 3  

.301023 

.00:022 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
.00!073 
.os: O2? 
.GO; 02? 
.ooi 02?  
.001 023- 
. 0 O l O Z i  
.0010?3 
.001023 
.001023- 
.00102 7 
.Do: 023 



T A e L E  4 

I N D I V I O U A L  RUN @ 4 T A  
i Y L I 4 D E R  S P E i l i i i $ T I O N S ,  +FA: G E N E R A T i 3 N  A N 3  F L G I O  F L O W  

i Y i  ! \ D E R  C Y L I V D F R  S P E C I F  
R L!k i ENGT H 

I D E N T I F I C 4 T I C l N  ( I N .  I 

05  
0 6  
0 7  
0 8  
1 4  
i 5  
a6 
2 4  
25 
26 
31 
32 
3 3  
34  
35 
36 
37 
4 5  
46  
4 1  
46  
4 9  
5 0  
5 :  
5 2  
53  
5 4  
6 2  
6 4  
6 6  
6 8  
7 0  
7 2  
7* 
7 5  
7 8  
80  
E 2  

1.431 
1.431 
1.431 
1.4?1 
i . 4 = 2  
1 . 4 9 2  
1 .492  
1.487 
1.487 
1.C87 
: . 4 3 4  
1.434 
1 .434  
: .43 4 
. .43 4 
l . 4 3 4  
1 .434  
1 .504  
1 .504  ;. 5 0 4  
1 .504  
1 .504  
1 .504  
I .  5 0 4  
1.504 
I .  5 3 4  
1.504 
1 .434  
1 .434  
1.434 
1 .434  
1.4?4 
1 .434  
1 .434  
1 .434  
i . 4 3 4  
1 .434  
1 .434  

M A S S  
f GR. 

1 7  -643  
17 .643  
17-64'  
17.643 

l e . 3 G L  

17.511 
17.511 
17.511 
15.786 

15 .784  
95.781. 
i ! .184 
I! .784 
; 5.7& 
l e . 4 0 0  

1. P - 4 0 0  
18.400 
I e.400 
1 e.400 

1e.400 
1 E - 4 0 0  
' 8 . 4 3 0  
1 5 . 7 5 4  
15.784 
:E .?sL  

i 5.786 
15.784 
15.754 
1E.784 
15.764 
15.764 
1 c .784 
15.764 

1e.304 

I ~ . 3 0 4  

15.784 

18.400 

i e.400 

C 4 T I C N S  
0.3.  
1 I N .  i 

.416 
- 4 1 6  
.416 
.415 
.416 
.416 
- 4 1 6  
.411 
- 4 1 ;  
."1? 
.405 
.4 05 
- 4 3 5  
- 4 0 5  
.435 
.405 
- 4 0 5  
.4;6 
- 4 1 6  
.496 
- 4 1 6  
.4h5 
.4?6 
.416 
.416 
.415 
,415  
.405 
- 4 0 5  
.4G5 
.4O5 
- 4 0 5  
.405 
.40E 
.LO5 
.405 
.405 
- 4 0 5  

1.3. 
i 1 f l . j  

.276 

.2?6 

.276 

.276 

.276 

.276 

.276 

.2?5 
- 2 7 6  
- 2 7 6  
.277 
.277 
.277 
.2:7 
.277 
.277 
.277 
.2?5 
.275 
.275 
.275 
.275 
- 2 7 5  
.275 
- 2 7 5  
.295 
.295 
- 2 7 7  
- 2 7 7  
.277 
- 2 7 7  
,277 
.2 7 7  
- 2 7 7  
. 277  
.27? 
.237 
.2?7 

<:EAT G E N E R A T  IZh, VC'LTAGE 
A C P E T F R  SHUN[ C Y i ; \ @ E R  P P O B E  Z - P L S I T ! (  
M I L L I V O L T  DR03 V O L T A G E  D R O P  a, 

: . 6@6 
1 .649  
2 .150  
2.8 '6  
2 .19  
2 .296  
1.949 
1 .503  
1.757 

1 - 7 6 ?  
1 .763  
1 .884  
1.884 
2.045 
2.265 
2.346 
2.4L: 
2 .451 
2.E97 
2 .381  
2 .396  
2.353 
2 .353  
2.289 
2 .103  
2.116 
1 .235  
1 . 2 4 6  
1.209 
L.209 
1.411 
1.3*: 
1 .213  
! . I S  
1.196 
1.813 
1 .821  

1.722 

- 1 4 5 5  
.1423 
.2285 
.36Eb 
.235= 
.2335 
. : e 0 2  
. 1 5 5 7  
. i 7 i l  
.178P 
- 2 0 6 2  
.2062 
.226? 
- 2 2 4 2  
.229c 
.2b3 
.2@37  
. 2345  

. 2 5 O R  

.274c 

.2705 

.2425 . ' 4 2 5  
- 2 2 6 5  . 1780  
- 1 9 5 2  
.238? 
.2166. 
.2072 
.213? 
.2000 
.303:  
. 3095  . ; 4 2 5  
.2255 
.277a  
.3777 

.2172  

. o i 9 3  

.0(.63 

.OLE ? 

.(I483 . 0L8  3 
- 0 4 8 3  
.0463 . O 4 t  ? 
.0Lc!3 
- 0 4 8 3  
- 0 6 6 3  
.04,S3 
.04@3 
.04@' 
.a483  

. 3681  

.0'.03 

.a463 

.0483 

.OLE3 

.3443 
- 0 4 8 3  
.Of.83 
- 3 6 8 3  
.04e 3 
. C L R 3  
. a459  
- 0 4 5 "  
.a450 
- 0 4 5 0  
.045Q 
.0459 
. 045Q 
. l i L59  
- 0 6 5 9  
.045" 
.0459 

. a483  

P F O 5 E  
I N ( F T . )  

h 

- .0475 
- . 04TE 
- .04-C 
- .04 7 5  
-.O.t75 
- . 0L75  

- . 0475  

- .O475 
- .04 75 
- . 0 4 7 5  
- - 0 4 7 5  -. 04'5 
- .04 7 5  
- .3L 7 5  
-.a475 -. 9 . 7 5  
- . w.75 
- .O475 
-.04" 
- . 0475  
-.0&75 
- .047' 
- . O L  ' 5  
- .a475 
- - 0 4 7 5  
-.3*:5 
- .04A 
- .048 
- .04e - ,068 
- . 0 4 e  
- . W P  
- . O L 8  
- . O b 8  
- . O L R  
- . O b 8  
- . 0 4 @  

- . 0475  

F L CW- I T A k A  F C 
CU. F T . / d 2 .  

10.'2 N2 
10. :b v z  

1i.c h2 
' . 2 ?  Ni 
- L .  5 2  > \ 2  
; 2 .  i !  h l i  
5 . ' i  vi 
10.- 
1:.5= b12 
6.67 N2 
t. 67 N2 
A .  C L  $12 
8.96 N? 

Pi2 

. -  

i 0.27 ~i 
: ~ L - 2 b  NZ 
1 L . ? E  N2 
IC. L.r2 
! c .  lu2 
1 P .  hi2 
1 2 .  h2 
1 2 .  N2 
1 5 .  N i  
i F .  N2 
? 6 .  N? 
15.  hr2 
1 5 .  NZ '. HE 
3 .  r; 
3. HE 
3. u:: 
9 .  HF 
9.5 Yi 
11.25 HE 
j.1.25 H f  
L l . 2 5  HF 
3 0 .  H E  

2 7 .  HE 
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APPENDIX D 

Results of Individual Run Analysis 
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TABLE 6 

INDIVTDUAL RUN ANALYSIS 
SOLID AND G A S  TEMPERATURES 

RUN ALL T E M P E R A T U R E S  ARE I N  DEGREES F -- 
I DENT I F  i C A T  I O N  TUNGS TEN TqERMOCOUPLE I N S I D E  WALL E X I T  G R S  INLET G A S  

05  
06 
0 7  
08 
1 4  
I5 
24 
25  
2 6  
3 1  
33 
34 
35 
36 
37 
45 
46 
4 7  

49 
50  
5 1  
52 
53 
5 4  
7 0  
72 
7 4  
80 
82 

48 

WALL AT 
fHERM3. NC.  1 C  

1425. 
1461. 
1 7 0 t .  
2172. 
178C. 
1674. 
159@. 
1475. 
155@. 
1 5 7  5. 
1571. 
15 3 5 .  
1 5 6 2 .  
1537. 
15 8 4 .  
1396. 
1580. 
181C. 
1924. 
1850 .  
1677. 
1630. 
1 5 7 2 .  
1445. 
1495. 
1724. 
1729. 
1693. 
1605. 
1625. 

NUMBER 1 6  M A R I N I T E  AT 

1210. 1356. 
1211. 1306. 
1545. ;i 545. 
2008. 2025. 
1600. 1578. 
1229. 1514. 
1291. 1145. 
1260. 1239. 
1305. 1279. 
1358. 1365. 
1333. 1389. 
1333. 1370. 
1350. 1438. 
1420. 1453. 
1420. 1489. 
1574. 1613. 
1574. 1748. 
1774. 1875. 
1752. 1877. 
1662. 1874. 
14F4. 1774. 
1454. 1770. 
1430. 1705. 
1288. 1501. 
1288. 1560. 
1461. 1502. 
1465. 1547. 
1460. 1533. 
1460. 1591. 
1490. 1616. 

THERMO. NO. 1 6  

1061. 
1042. 
1335. 
1526. 
1039. 

686. 
392. 
612. 
522. 
5 13. 
759. 
722. 
793. 
944. 

1032. 
1187. 
1074. 
1273. 
1430. 
1339. 
1136. 
1153. 
1033. 
901. 
834. 

1644. 
1327. 
1156. 

935. 
1030. 

BELCH 
P I ER 

75. 
75. 
74. 
72. 
73. 
73. 
81. 
77. 
76. 
7 5 .  
74. 
74. 
77. 
79. 
79. 
8 2  
82. 
83.  
83. 
83. 
82. 
82. 
82. 
82. 
82. 
80. 
80. 
80. 
79. 
79. 

G A S  bFTER 
P RE P E A T I  NG 
IN P I E R  

106. 
203. 
220. 
226. 
292. 
l C 9 .  
308. 
265. 
203. 
296. 
253. 
253. 
240. 
206. 
206. 
1 6 6 .  
16’. 
179. 
239. 
224. 
195. 
210. 
t 83. 
: 77. 
1 9 9 .  
943. 
901. 

442. 
4’4. 

820. 

G A S  AFTER H E A T  
A B S O R R E D  FQOM 
THERHU. NZ. 1L 

286. 
30:. 
336. 
420. 
518. 
350. 
368. 
266. 
294. 
471. 
41c. 
410. 
3O8. 
320. 
328. 
166. 
1 6 9 .  
170. 
23C. 
226. 
195. 
210. 
183. 
177. 
177. 

1005. 
985. 
898. 
5 0 6 .  
545. 



T b B L E  7 

I N D I V I D U A L  RUN BNALYSIS  
5 E 4 T  T R A b S F E R  C O E F F i C l E N T S  AND C O k D U C T I  ON C O R R E C T I O N  F A C T O R  

9;iN 
I DENT I F  I C A T  I O N  

0 5  
06 
07 
3 9  
1 4  
1 5  
24 
25 
26 
31 
33 
34 
35 
36 
37 
45 
46 
47 
48  
49  
50 
51 
52 
53  
54 
7 0  
7 2  
14  
8 0  
82 

R E Y N O L D S  
VUMBER 

. I 1 1 2  

.1101 

. l o 5 5  

.1225 

. O b 5 3  

.1435 

. o e t 4  

. I 2 5 0  
- 1 4 5 1  
.OB23 
. I  0 2 1  
. l o 3 7  
-11.53 
- 1 5 t 2  
.1514 
.I 832 
. I 538  
.1144 
.1104 
. I 2 2 8  
. I518  
. 1 4 S 8  
. I 6 8 1  
.16 t2  
.:710 
.0056 
.o 122 
.0152 
.04tO 
.04C6 

N U S S E L i  
NUMBER 

.0001678 

.0001487 

.0001898 

.a001632 

.0000490 
.0000561 
.0000024 
.000G45 1 . GOO041 7 
.OG00047 
.0000522 
.0000493 

.000:633 

.OOOi600 

.OGO4193 

.030258G 
- 0 0 0 2  50 3 
. 0 0 3  1744 
.0001801 
. 0 0 0 1 s 7 7  
.0002107 
.0002066 
.0001625 
.OOOb 53 6 . OOGDf2O 
.0000113 
.0000090 
.0000350 
.0000364 

.0000702 

h E A 7 T 9 A lu 5 F E Q C 0 E F F I C I E % T S 
6.T. U. f + G . - F - - -  ~. 

VOL U ME i R 1 C C L A S  5 I C A t 
C U B F T .  --- SP. F l  --- 

3 1 6 9 .  
2 8 0 9 .  
4 0 5 4 .  
3800.  
1 0 0 0 .  

926 .  
3 5 .  

7 1 7 .  
6 1 1 .  

7 5 .  
919. 
8 5 1 .  

1248.  
3 0 2 3 .  
3 4 5 6 .  

4918. 
5 0 6 3 .  
3 1 5 4 .  
3756.  
3 7 9 2 .  
4 1 0 4 .  
3786.  
3 1 3 5 .  
2 5 5 3 .  
3922.  
1 3 0 1 .  

985 .  
3318. 
3 5 8 0 .  

0506. 

.0947 

.0835 

.1202 
- 1 1 2 3  
- 0 2 9 4  
.a272 
.0010 
. O i l 3  
. 0 1 R ' ,  
.0022 
.0270 
- 0 2 5 0  
.0367 
.0889 . ' 0 1 7  
.248r. . I 4 3 5  
- 1 4 7 5  
- 1 0 9 4  
. l o 9 4  
.I 106 
. I198  
- 1 1 0 5  
.0916 
.0745 
. I 1 5 3  
.0332 
. 0 2 8 F  
.097b 
. I 0 5 2  

C O R R E C T l O M  F A C T O R  
FOR C O N D U C T  10N 

.4445 
- 4 5 1 1  
.41Q1 
.&3?8 
.4201 
.42&5 
.4121 
.4193 
.4090 
.3870 
- 3 8 1 6  
.3765 
.4088 
, 3 9 2 1  
.3881 
.4525 
.4678 
.5 343  
.4153 
.4127 
.4169 
.4078 
.41:0 
.4444 
.4198 
.2234 
.2096 
,1834 
.2230 
.2260 
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TABU3 OF NOMENCLATURE 

A 

a 

B n 

b 

C n 

C 
P 

C 

D 

d 

e 

F 

f 

fA 

L 

L/P, 

G 

Go 

GC 

h 

h' 

Cross sec t iona l  area f o r  conduction - sq.  ft. bulk 

Nth constzmt of i n t eg ra t ion  i n  the  f1ui.d phase temperature 
equation 

Nth constant  of i n t e g r a t i o n  i n  the s o l i d  phase temperature 
e quat i on 

Heat capac i ty  o f  f1ui.d - B.t.u./lb.na,ss.-'F 

C h a r a c t e r i s t i c  di-ameter i n  laminar flow - f t .  

P a r t i c l e  dj .meter - ft. 
Pore diameter - f t .  
Derivat ive 

Exponent, i a1 fun c t ion 

Flu id  f l o w  r a t e  - 1b.mass. /hr. 

Poros i ty  - cu. f t .  voicl/cu. f t .  bu1.k 

Conduct,ion co r rec t ion  f a c t o r  t o  obta in  e f f e c t i v e  conduction 
a r e a  from bulk conduction area (excluding the volume poros i ty  
co r rec t ion  factor) 

Conduction cox-recti on f a c t o r  t o  obt,ain e fPcc t ive  conduction 
7.ength frorn blilk conduction length  

Rat io  of +,he f a c t o r s  - f /f 

Volumetric hea t  generat ion r a t e  - 9. t .u. /hr. -cu. ft. bulk 

L A  

Constant term i n  t h e  temperature dependent expression f o r  G - 
B. t . u . / h r . - cu . f t .  bu lk  

Msss flow r a t e  - lb .mass . /hr . - sq . f t .  

H e a t  t r m s P r r .  c o e f f i c i e n t  - B.t.u./hr.-sq.-ft .OF 

Voli.metric hea t  transfer c o e f f i c i e n t  he 
B. t .u. /hr . -cu. ft . -OF 
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I = Current - mp:?res  

J = Conversion f a c t o r  - 3.41276 R.t.u./hr.-watt 

K = Conductance - B.t.u./hr.-OF 

k = Thermal conduct iv i ty  of s o l i d  or fluid material 
(nonporous form) - B. t.u./hr.-ft.-OF 

1; = C h a r a c t e r i s t i c  length  i n  laminar flow - ft. 
Axial cy l inder  length  - ft. 
Length f o r  conductance - f t .  

.t 7 Thickness of porous w a l l  - f t .  

m = 'Variab3.e of the  opera tor  equation 

(1 = Hea-t f l u x  - B.t.u./hr. 
H = Resi.stance - ohms 

t -  --: Partic7.e radius - ft. 

-1 r = N t ' n  r oo t  of the  opera tor  equakion - f t .  r: 

s, Volumetric porosi t y  - cu. f t .  sol id/cu.  f t  . bulk 
T Sol id  phase temperature - O F  

-, 

t. F lu id  phase temperature - O F  

v = Bulk volume -. c u . f t .  

L = Voltage - v o l t s  

x = The x dependent component of T(x,z)  o r  G ( x , z )  

x = Dimension - f t .  
Distance - f t .  
Variable 

3; -= Di.mension - f t .  
Distance - f t .  

'6 = 'The z dependent component of L'(x,z) or G ( x , z )  

L = Dimcnsion - ft. 
Distance - ft. 
Variabl c 
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Sub s c r  j p t s 

AEI = Variable measiu-ed over the  range between the voltage probes 
A and 13 

b = Bulk f l u i d  temperature 

i = Designates parameters associated with the i t h  term of t h e  
Fourier Ser ies  

n == Designates parameters associated with the n th  root  of t h e  
operator equation 

w = Wall temperature 

1 - - Designates the  der iva t ive  with respect  t o  the  
s ingle  var iable  of the function 

- == Indi-catcs an average value of the  funct ion 

Greek Let te rs  

a = Coefficient, of temperature dependence i n  G 
R. t . u. /hr . -cu. f t  . F 

a' = Coefficient of temperature dependence i n  p - ohms/ft.-OF 

r = V o l m e t r i c  heat generation r a t e  
B. t . u .  /hr. -cu.ft. s o l i d  

= Effect ive area f o r  s o l i d  phase heat ctnd e l e c t r i c  
conduction - sq. f t .  sol.id/sq.ft.  bulk r2 

y5 = Effect ive volurnc f o r  heat  generation - cu . f t .  so l id /cu . f t .  
bulk 

= Effect ive a rea  f o r  f l u i d  flow - sq. ft. flow area/sq.f t .  
bulk 2 6 

E = I n t e r n a l  surface area of porous material. 
s y .  f t .  area/cu.f t .  bulk 

Coefficient i n  the argument of the  Fourier s e r i e s  - nn/L = 
n h 

P = Gas v i s c o s i t y  - lh.mass./f t .-hr.  



l7 = Constant - 3.14159 
P = Resistivity - ohrnslft. 

po = Zero order r e s i s t i v i t y  term - opms/ft. 

Special  Symbols 

v = Nabla operator 
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