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Heat t ransfer ,  important 8s it is i n  the design and opdration of 

nuclear p i l e s  and t h e i r  accessories,  has not buen represented adequately 

i n  the repor t s  of the Manhattan District. 

c i t y  of consis tent  research on t h i s  topic  but, also, much of t he  data  

found by experiment did not reach t h e  stage of being reported formally. 

I n  addi t ion,  considerable heat t ransfer  mater ia l  i s  buried i n  repor t s  of 

other t i t l e s ,  where the heat t r ans fe r  was inc identa l  t o  the vain object ive,  

Consequently, t h i s  c r i t i c n l  survey of thd Manhattan D i s t r i c t  and 

Not only has there  been a scar- 

Atomic Energy Commission heat  t r ans fe r  l i t a r a t u r e  by Ili. B. Harrison both 

f i l l s  a need and poin ts  t o  the continuing need. Although he has done 

an exce l len t  job of cor re la t ing  2ro jcc t  data  and comparing it with previous 

work, the sca rc i ty  of d a t a  leavt?s much i n  doubt i n  some cases of immediate 

i n t e r e s t .  

Progress i n  this important field can comz only if- 

(1) Bngineers and others  a rc  d i l i g m t  i n  report ing formally 
a l l  ex?erimental da ta ,  and 

(2) An organized e f f o r t  i s  mad* t o  acquaint a l l  of the 
labora tor ies  with the s t a t u s  of heat  t r sns fe r  wo jec t s  
so t h a t  f u r t h e r  cor r3 la t ions  can bd utilized uromLSly. 

Cooperation is necessary or  rzactor  design w i l l  continue t o  bo un- 

necessar i ly  l imited by heat t r ans fe r  considerations.  After a l l ,  



the ganeration of energy cannot exceed f o r  long t ho  amount rsrnoved. 

T h i s  report  by Mr. Harrison has  been acce-Qted by the University of 

Tennessee a s  fulfilling the  t b s i s  requirements f o r  the dagrsc of Master 

of Science i n  Chemical Engineering. 

R. M. Boar ts  

Knoxville, Tennessee 
September 20, 1948 

- 
Page E 
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A HEAT TRliMSFER SURVEY 
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October 1, 1948 
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Introduction 

In view of the f a c t  t h a t  heat t r ans fe r  problems are  of grea t  i n t e r e s t  

t o  many groups concerned with the desi:n and development of processes and 

operations i n  the atomic energy f i e l d ,  it was believed t h a t  an e f f o r t  

should be made t o  br ing  i n t o  one volume the  data  of various observers 

on cases  of i n t e r e s t  t o  the Atomic Energy Commission ?rejects. m i l e  

at tending the Clinton Laboratories Training School of 1946-7, D r .  R. M. 

Boarts aroused s u f f i c i e n t  i n t e r e s t  i n  such a program t h a t  administrative 

apyroval was granted. 

o the r s  showed par t i cu la r  i n t e r e s t  i n  t he  vrogram and they were instrumental  

i n  ge t t i ng  the work under way. 

Dr. 6. J. Mx>hy,  Gale Young, R. N, Lyon and 

The o r ig ina l  purposes of the  program were t o  assemble, study, and 

co r re l a t e  heat  t r ans fe r  data  found i n  the  reports of the Manhattan 

Pro jec t  and i n  the continuing a c t i v i t i e s  of the Atomic Energy Commission 

f o r  the purpose of making a c r i t i c a l  survey of the s t a t e  of information 

on t h i s  subject. 

Boarts i n  March, 1947, and he has maintained contact w i t n  the program since 

h i s  r e tu rn  t o  the University of Tennossee i n  September, 1947. 

The work vias i n i t i a t e d  under the d i r ec t ion  of D r .  R. M. 

A t  t h a t  

time, Dr. E. J. Murphy undertook su?ervision of the survey, and, i n  

July,  1948, the work was >laced under the d i rec t ion  of R. N. Lyon, 



%he first step in i n i t i a t i n g  the program was a survey of project  

l i t e r a t ~ o r  

anergy Commission f i l e s  a t  Oak Ridge have been carefu l ly  reviewed f o r  

heat  t r ans fe r  references. 

of K-25 (Carbide and Carbon Chemicals Cor?oration, Oak Ridge , Tennssseo) 

and NEPA (Fairchi ld  Engine and Airplme Company, Oak Ridge, Tennossee), 

The Oak Ridge National Laboratory f i l e s  and the  Atomic 

Some data were obtained through cooporation 

The next stelss were t o  c . l iminota  fron considcration thoso da ta  which 

wero not su f f i c i en t ly  complete or accur3to t o  j u s t i f y  cor re la t ion ,  and 

t o  assemble tho remaining data i n t o  r e l a t ed  groups based on the heat  

t r a n s f e r  mechanism involved, 

An e f fo r t  was then mado to evaluate on a common bas i s  a l l  hea t  t r ans fe r  

da ta  of comparable nature. 

with cor rc la t ions  recommended i n  thc l i t a r n t u r o .  

a r e  unique, it was possible  t o  suggest some correlat ion,  incomgloto 

though it may be, based on present knowledgo. 

up the body of tho  re?or t  are combined conduction and na tura l  convection, 

and combined conduction and forced convection. Thesc mechanisms are 

discussed f o r  t he  cases  with phase change ( spec i f i ca l ly ,  with boi l ing)  and 

without ?haso change. Little data were locatad f o r  thd cases of rad ia t ion  

and condensation, bu t  a fcvv notes on those subjects may ho found i n  Part  11 

!?en possiblo,  the data h a m  been compared 

For a few cases which 

The mechanisms 1jfhiCh make 

ca l led  llSelQcted Topics Relatod t o  Heat Transfer.  (1 Although the data 

included i n  the body of ths ruport  a ro  axoarinontal ,  a bibliogra;>hy of 

ana ly t i ca l  solut ions t o  conduc+,ion 2nd other ?roblcms is  included i n  P a r t  7, 



In  general ,  dngl ish u n i t s  (Btu, lb., f t . ,  hr. ,  ?E') have been used 

A t a b l e  of equivalents i s  included i n  P a r t  17 throughout the  repor$, 

f o r  use i n  changing from one system of u n i t s  t o  another. 

p rope r t i e s  data ,  and graphical  ca lcu la t ion  a i d s  have a l s o  been included 

i n  the  repor t  to f a c i l i t a t e  the making of heat  t r ans fe r  predic%ions. 

The meanings of a l l  symbols used i n  the r e p o r t  may be found i n  ?ar t  18 

2hysical- 

e n t i t l e d  "Nomenclature. It 

The term *project" r e f e r s  t o  a c t i v i t i e s  of the Manhattan D i s t r i c t ,  

the  Atomic Energy Commission, and coo3erating labora tor ies  which have 

r epor t s  i n  the present  Atomic Jnergy Cornmission f i l e s .  

An e f f o r t  has been made t o  use a change of verb tense i n  order t o  

ind ica t e  which work is  extracted from other  r epor t s  and which is  o r ig ina l  

with t h i s  repor t .  It has not Seen possible  t o  follow t h i s  pa t te rn  

completely, but,  i n  general, the  past  tense has been used t o  r e f e r  t o  

work of o thers  and ?resent  tense ind ica t e s  discussion by the  author of 

t h i s  re7ort .  

This pa?er i s  not  intended t o  be a beginning course i n  heat t r ans fe r ,  

but it is  hoped t h a t  it may su,?lement the  information found in ex i s t ing  

references L293,4,595Y7,%9 * 

It i s  realized t h a t  many sets of pro jec t  heat  t r ans fe r  data have 

never reached the s tage of being given reTort  numbers so t h s t  they may 

be located i n  the  present  subject  indexes. 

be c i rcu la ted  t o  other  ?reject l abora to r i e s  unless i n t e re s t ed  ind iv idua ls  

take the i n i t i a t i v e  t o  make the information available.  

t h a t  some data  have been overlooked i n  the l i t e r a t u r e  search, 

Such information w i l l  never 

It is  a l so  possible 

I n  view 
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of these  considerations,  it is  e q e c t e d  t h a t  addi t ions w i l l  be made t o  

t h i s  r eyor t  i n  the fu tu re ,  and, f o r  t h a t  reason, it is  being p M i s h e d  i n  

severa l  small sec t ions  s o  t h a t  addi t iona l  information may be included 

with other data  on the  same case. 

The present r epor t  is, i n  zeneral ,  c l a s s i f i e d  a t  a higher l e v e l  than 

one would eqpect it should be. 

ex t rac ted  f romrepor t s  which are  c l a s s i f i e d  and the e n t i r e  p a r t  of t h i s  

The reason f o r  this i s  t h a t  data  have been 

r epor t  i n  which they a??ear has b w n  given the c l a s s i f i c a t i o n  of the 

r epor t  from which they were extracted.  It i s  hoped tha t  dec l a s s i f i ca t ion  

of c e r t a i n  p a r t s  of t h i s  r q o r t  can ba i n i t i a t e d  soon. It is a l s o  hoped 

t h a t  an unclassif ied ed i t i on  of the a n t i r e  repor t  can be made soon. 

It is the  present  object ive t o  make the  r epor t  ve ry  complete 

enhancing i ts  value t o  a l l  p ro jec t  laborator ies .  

without the  cooperation of other labora tor ies  i n  the form of forwarding 

This cannot be done 

heat t r ans fe r  data  t o  t h i s  loca t ion ,  

present  repor t  or any addi t iona l  data w i l l  be g e a t l y  a??reciated. 

Any sugJ;estions for improvin? the 

It is  

requested t h a t  forthcoming cominents o r  information be addressed t o  the 

Technical Division, Engineerin2 Research Section, Oak Ridge National 

Laboratory, Oak Ridge, Tennessee (Attention: 

m o w l e d g m e n t s  

D r .  H. M. Boarts has  been very valuabls a s  the i n s t i g a t o r  of t h i s  

R. N. Lyon o r  ?I. 3. Harrison). 

pfogram and a consul tant ,  His many comments and suggestions a re  r e f l ec t ed  

throughout the  re?ort ,  and h i s  guidance has bean most helpful.  

Dr. E. J. NurFhy f a c i l i t a t e d  p r o p s s  of t h i s  work in an administrative 

capacity.  

delayed, 

Rithout h i s  e f f o r t s ,  the  arogram would have been considerably 

-4- 



R. M. Lyon, -,J. L, Sibbit$,  3, I?. Lansing, afid 2. 2. Xenke have 

stimulated the progress and quality of the r epor t  with t h e i r  discussions 

o f  various heat transfer cases and by s u p l y i n g  many usefu l  data. R. ?is 

Lyon has been p a r t i c u l a r l y  h e l p P d  in c r i t i c i z i n g  the  rough d ra f t ,  and 

the f i n a l  d r a f t  lncorporctes i,Iany suggestions made by him, 

The cooperation of t h e  l i b r a r i e s  a t  Oak Ridge Bational Laboratcry, 

Atomic Znergy Commissioc, 1:-25, and Fa i r ch i ld  Engine and Airplane Corporation 

(XEPA Division) is grea t ly  appreciated. 

The f igu res  i n  t h i s  r q o r t  tvere drawn by C, C. I-iurtt; revis ions i n  

t h e  f igures  were made by R. L. Tovnzs; and tne  ty.>ing o f  the f i n a l  repor t  

was done by T. K, Sutton stlid Gladys Damell .  

ldany o thers  have stiiiiulated +he work by shobving an ac t ive  i n t e r e s t  

and by supplying information :lot r ead i ly  ava i l a b l e .  

t o  then col lec t ive ly ,  siiice -t;io;,- ara  too ,reat i:i nvmbcr t o  mention 

individual ly ,  

Thanks ar.; extended 

N e  B. Harrison 



ORNL 156-1 

lA3T 1 - BIBLIOGUI'HY 

1, Boarts, R.M., ? i le Technolo,:y, - Lactwc 46 "Heat Transfer Mechanisms 
f o r  Energy Removal from 'iles", Cl inton Laboratories Training -. 
School 

2. Boelter, L.M.K., Cherry, V.H., Johnson, H.A., Martinol l i ,  LC., 
Heet Transfer Notes, University of Cal i fornia  Press, Berkeley 
and Los Angeles, 1946 

New York, 1942 
3 .  Brown, A.I., Marco, $+!!i., Introduct ion t o  Haat Transfer, IScGraw H i l l ,  

4. Carslaw, H.S., Jaeger, J.C., Conduction of Yeat i n  Sol ids ,  Oxford 
Clarcndon Yrass, 1947 

5. Jakob, M b ,  Hawkins, G.A. , Elements o f  Heat Transfer and Insulation, 
John Wiley, Ne;v York, 1942 

6 .  Karush, 'J.$ Young, G., Energy Ramoval from dilss, Nronl-14.7, July 30, 
1946 

7. NcAdams, ;V.H., Hest Transmission, 2nd Sd,, McGraw H i l l ,  N m  York, 
1942 

8. Schsck, A , ,  I n d u s t r i a l  Hest TransceL, Tr. by Goldschmidt and 
Par t r idge ,  John #i le - , r ,  Ne!v York, 1942 

9, S o e v e r ,  H. J,, G l a d  Heat Transmission, McGratv H i l l ,  N a w  York, 1941 

-6- 



E U T  TRBNSFGR IN 1,WJHATTAN DISTRICT 
AXD 

ATOXIC EIERSY C0EJISSIS.N LABOIQ~TOUES ; A CRITICAL SU3WY 

PUT 2 

V i .  B. Zarrison 
October 1, 1945 



PART 2 

I ' T T  TFUNSFER TO LIQUIDS BY COIfiBIIG3D COMDUCTIOiJ 
AND NkTiTRAL CCJNV%CTION 

Heat t r ans fe r  by conbined conduci;ion and na tura l  convection i s  the 

na tu ra l  r e s u l t  of '  a temperature gradient i n  a f l u i d .  A system employing 

t h i s  mechanism f o r  cooling i s  usual ly  simple and economical, but t h e  

disadvantages a re  i n  t h e  form of: l ow heat  t r a n s f e r  and control  d i f f i c u l t i e s .  

The la rge  majoriky o f  s tudies  on heat  t r a n s f e r  t o  l iqu ids  by t h i s  mechanism 

have employed w a t e r  a s  tlie coolant, s ince it i s  cheap and p l en t i fu l .  

Bauerl reported on experiments t o  determine hea t  t r ans fe r  by na tu ra l  

1 convection. Essent ia l ly ,  t he  equipment consisted o f  a v e r t i c a l  17,- in. 

aluminum tube swroun2ed by a 5+; in. s t e e l  tu$e, 7 f t ,  long. E lec t r i c  

hea te rs  were wound around the  outs ide o f  tlie large tube and separate 

e l e c t r i c a l  connect5ons m r e  m d e  f o r  each foo t  o f  length so  as t o  permit 

appl icat ion of hea t  t o  %ha system i n  various ways, mater betmeen the  tubes 

was c i rcu la ted  by na tu ra l  convection only 2nd hea t  was removed by a cold 

water s t r e a n  passing through an annulus -+%thin the  aluminm tube. 

Temperature o f  the  water was p lo t t ed  versus height  of the  apparatus f o r  

severa l  d i f f e r e n t  heating conditions. In  one case of i n t e r e s t ,  the  heat  

input approximated a s ine law d i s t r ibu t ion  along t h e  heated. length. 

furnished were inadequate f o r  calculat ing hea t  t r ans fe r  coef f ic ien ts  bu t  

t he  experimexts a re  o f  i n t e r e s t  i n  a qua l i t a t ive  way. 

Data 
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2 Xratz, Schlegel, and Christ reported some work on therncl t ransfer  

Figure 2-1 s'rows a schematic between two aluminum surfaces under water. 

representat ion of the  apparatus. The hea t  t r a n s f e r  coef f ic ien t  across the  

interfzce made by two "rough" aluminum surfaces  i n  contact unLer water was 

6000 Bt;U/hr.  ft? O F .  wher, the  Txater teaiperature mas about 160 F. Changing 

the  pressure  which hold the surfaces tDgether f rom 11.3 lb./ino2 

40.4 lb./in.' showed nc e f f e c t  o n  the  hea t  t ransfer .  

were separstc-d by shims 50 give a de f in i t e  water thickness (3.0045 in ,  o r  

O I O l l d  cm.), t he  exper imrAta l  vclucs of the heat tra:isfer coef f ic ien ts  were 

20 - 30% greater t han  could be accouzted f o r  by t h e r m 1  conductivity alone. 

This discrepancy was believed t o  be t i e  r e s d t  of addi t ional  heat  t r ans fe r  

by the water a t  the edges o f  tile interface.  

0 

to 

%hen the surfaces 

The hea t  t r ans fe r  cocfficisnt ccross the water film between ttvo "smoOth" 

aluminum surfaces w2s o f  the  order of 21400 Bti/hr. 

o f  t h i s  wciter l q c r  was no$ ostn'slisned b u t  it i s  o f  I c t e r e s t  tnat no 

measurable e f f c c t  r e su l t ed  from costing one of the  aluminum surfaces with 

glyptal r e s i n  paint. 

f t . 2  OF. The thickness 

No do f in i t i cn  was given for "rough" m d  "smooth",  s o  these data  nust be 

considered a s  qua l i t a t ive .  
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Stromquist has recent ly  reported on heat  t r a n s f e r  t o  wcter and a i r  

i n  a rectangular  channel. The f l u i d s  were c i rcu la ted  by na tu ra l  convection 

with tcvo mechanisms: (1) na tu ra l  convection confined only t o  t'ne channel, 

and ( 2 )  na%urnl convection i n  the  f o r R  of  a thermal syphon, i n  the system. 

No hea t  t r a n s f e r  coef f ic ien ts  were reported, bu t  the dzta ind ica te  t h e  

flux leve ls  which mr,y be achieved with each mechanism. Ut i l iz ing  the 

thermal syphon e f f e c t  with water, t he  flux could be maintained a t  27400 

Btu/hr. ftr2 , the  l i m i t  of t he  experimental e q x i p m m t  used, 

convection within the channel permitted flwccs of the  order of 18000 B t u h r .  

f t . 2  without vapor binding. 

f lux t o  less than 50 Btu/hrc f t a 2  even when t h e  w a l l  temperature was in- 

creased t o  1220  O F .  (660  OC). 

Natural 

Vse of a i r  i n  a thermal syphon lirnitcd the  

In a l n t e r  memorandum, Stromquist* estimated the water ve loc i t i e s  

developed i n  the  assembly by the  thermal syphon t o  b e  f rom 0.2 t o  0.6 f e e t  

per second. 

Use of t he  t h e r m 1  syphon i n  a homgeneous F i l e  hcs been discussed i n  

two projec t  repor t s  by Quinn''' . 
7 In  non-project repor t s ,  Touloukian, Hawkins, md Jakob presented data  

and correlations on f r e e  convcction hea t  t r a n s f e r  from v e r t i c a l  surfaces t o  

l iqu ids ,  and Kern and O t h e r s  discussed the e f f e c t  of f r e e  convection o f  

heat t r ans fe r  t s  f l u i d s  i n  viscous f low* 
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PART 3 

HEAT TIWNSFER TO GASES BY COIUiBliiED COIJDUCTION 
AND NATURAL COlWdCTiON 

Heat t r a n s f e r  t o  gases by combined conduction and na tura l  convection 

takes place t o  some degree i n  many p rac t i ca l  heat  exchange systems. The 

following paragraphs a re  devcted tc: experiments which employed t h i s  mechanism 

i n  heating a i r  and other gases o r  i n  t r ans fe r r ing  heat  across gas layers .  

1 Data o f  K r a t z  , and Raeth‘, a r e  i n  good agreeaent on the  coef f ic ien ts  

f o r  heat  t r ans fe r  across an a i r  film between aluminulx discs.  For  discs  

held together with pressure P, the approximte heat t r ans fe r  coef f ic ien ts  

across an in te r face  are shown on the fol lowing %able:  

Surface condition P - lb./in. 2 h i  -Btu/hr.ft.2 OF. 

normally a i r  -crxidiz ed 20.4 
41.6 

e l e c t r o l y t i c a l l y  oxidized 20.4 
i n  oxalic acid 41.6 

104.4 

2050 
2900 

1100 
1250 
1450 

Kratz and Christ3 reported heat  t r ans fe r  across a gap between a 

cy l indr ica l  graphi te  w a l l  and an inner brass tube. Using nitrogen, helium, 

and argon i n  the gap, they f o u n d  t h a t  the  heat  t r ans fe r  calculated from the 

thermal conductivity and gap thicknesswas i n  c lose agreement with experi-  

mental data as long as the inner t u b e  was centered i n  the channel.. 

. .  
. .  , .  

I .  
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When the inner tube was permitted to touch the graphite w a l l ,  the 

average heat  t r a n s f e r  increased by a fac tor  of 1.67. 

5 CP-Z144 and CP-235 a l so  include Gwta concerning heat  t r ans fe r  across - - 
a small gap between g raph i t e  and co2per. 

Data o f  Rankoff and Rosner ( s ~ ~ m a r i z e d  i n  CS-227l6) f o r  the  case o f  heat 

t r a n s f e r  across an a i r  f i l m  between graphite blocks are  taken f rom C5-15687, 

CS-14748, and CN-13699, and are  shown i n  Figure 3-1. Additional data were 

5 reported i n  CP-235 f o r  heat  t r ans fe r  between graphi te  blocks with a i r ,  

helium, and hydrogen a t  the in te r face ,  and i n  CE-12171° with a i r  a t  the 

interface.  The data f o r  the  cases with a i r  a t  the in te r face  a r e  not  in  

agreement with those shown i n  Figure 3-1, but the comparisons with helium 

and hydrogen a r e  o f  qua l i t a t ive  value, The discrepancies were believed t o  

r e s u l t  from the  f a c t  t h a t  data o f  Figure 3-1 were obtained using more 

accurataly planed graphi te  surfa.ccs than were used i n  t he  otiner experiments. 

5 Data of  CP-235 f o r  gas pressure o f  one atmosphere are shown below: 

E 
a i r  

hi - B t ~ b r . f t . ~  O F .  

47 

helium 118 

hydrogen 155 
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Smetana and Cabell’’ described an in t e re s t ing  technique f o r  measuring 

thermal conductivity o f  compressed magnesium oxide p a l l e t s .  

o f  the  pe l l e t s  and experimental determination of the conductivity were 

performed i n  the same apparatus. Although a complete discussion o f  the 

work  a2pears t o  be beyond t h e  scope oi’ t h i s  report ,  mention o f  t h e  work 

i s  made t o  f a c i l i t a t e  location o f  t h e  information by t hose  who may be 

interested.  

experiments t o  determine hea t  fluxes t o  watar and a i r  c i r cu la t ed  by na tu ra l  

convection i n  a rectangular  channel. Heat Slwtos were l e s s  than 50 S t u b .  

ft.2 f o r  the  experiments i n  which a i r  was c i rcu la ted  by a thermal syphonr 

Compression 

As noted i n  P a r t  2 o f  t h i s  r e p o r t ,  Strornquist12 performed 

Thesc experiments a r e  +o be extended i n  the  near future .  

Mue:lerl3 reported data on heat  t r ans fe r  frorn a v e r t i c a l  wire  t o  a i r  

c i rcu la ted  by natural  convection. 

surrounding a i r  ranged f r o m  about 2 t o  2 1 2 O  F. and Nu ranged from about 

0.32 t o  0.7 while t h e  product GrxPr 

Temperature drop fron tho wire t o  

varied f r o m  3rU;10”7 to lo-‘, 

-4- 
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Use 1-f L i q x d  n e t - , I ;  c L -  c) ,13rLt3 ;2ermits high heat f luxes  and high 

operat ing tenpsratures .  The% c h r a c t e r i s t i c  features give l iqu id  metals 

much promise f o r  use i n  power ?reducing reac tors .  Data are  confined a t  

present t o  sodium-potassium a l l o y  and mercury. 

Sodium Potassium Alloy 

Data on heat t r a n s f e r  t o  sodium-potassium a l l o y  may be found i n  
1 

The da ta  of N?-iO were presznkd? by R. C .  k r n o r  of t he  Mina Safety 

NP-lo , NRL..C-3243*, and CF-374h3. 

Appliance Coinpany on e m e r i n m t s  u t i l i z i n g  sodium-ootassium a l l o y  

containin5 7otassitm by weizht. A l t f ipre  of e ight"  ty.)e, double-Dipe 

hes t  s x c : ~ m g ? ~  syetem iNaS i ~ s ~ ? ,  a s  shown schematizallg on Figure 4-1. As 

ind ica ted  i n  t:ic t ab le  below, e ~ i e r i n a n t s l  runs re9orted i n  Lu- N2-10 covered 

a r a t h a r  large range of variables*: 

average temperature 

mass r a t e  

ove ra l l  coeff ic ienk 

i'randtl number 

mass veloc i ty  - G,(in annulus) 

Gi(in center tube) 

Reynolds number - ReQ(in SnnulUS) 

Rei(in center  tube) 

($11 valuss shown are  t aken  frorr, t h e  report . )  

103 - 1024 OF, 

194 - 293 ib./hr,  

148 - 1165 Stu/hr. f t . 2  9. 

0.041 - 0.0044 

25?100 - 379,300 Ib./hr.f te2 

76,800 - 1,160,030 Ib./hr.ft.2 

789 - 70,500 

2,960 - 228,300 

*Complzte t ab l e s  of nomencl.ature a r e  found i n  ?a r t  18 of t h i s  repor t ,  

-1- A 
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4 Data were analyzed i n  tha report  by assuming the Colburn equation , 

(Eq. 

- 5 -  _. h 
cG 

t o  hold f a r  the annulus. Since both streams had t h e  sane mass flow r a t e ,  

the equations were combined and a modified Yilson l i n e  p lo t  6 was used t o  

evaluate  the f i l m  coef f ic ien ts .  

is no theo re t i ca l  j u s t i f i c a t i o n  f o r  assuming t h a t  the equations shown 

above are  w l i d  f o r  use with liquid nets1 systems. 

believed :ha‘; a 2  values of film coe f f i c i en t s  reported i n  E 1 0  are  

sub.jec% t J L r+ discrepancies h c c m w  of the  method of an?lys: s employed. 

This is ~ - , l ’ t ‘ r , ? t ‘ ~  ‘1y i’ 2 :act t h 2 t  ~t mas necessa;-y Lo 3ccocnt f o r  over 

h a l f  0,” t i l i  3 s r z : n . I  ms is f ;anco  bi-bwm the streams with 2 foul ing f a c t o r  

i n  s p i t e  of the c a r e f u l  c1e:ining oDer?tions described i n  the  repor t  and 

the  f a c t  t h a t  NaK is genersl ly  considered t o  wet m 3 t d  surfaces well. 

In  a recent  personal communication, the  e-erimenters a t t r i bu ted  t h i s  

t o  poor heat balances and inaccurate temperature measurements resulting 

from poor mixing. 

Recant papers 7 , 8 9 9  ind ica te  t h a t  there  

Consequently, it is  

-3 - 



Using he lpfu l  suggestions made by J. R, Menke- and R. N. Lyon*, 

the  data  of IJP-10 can be re-cvalusted by means of a. comparison with 

pred ic t ions  from a payer by R, C. Martinel l i7  on t h e  analogy between 

rnomontum and heat t ransfer .  The following assumptions are nadoz 

1. No foul ing 
2. 
3.  
4. E q e r i m n t a l  data  a re  r e l i a b l e  
5. 

Good wstting of the  w a l l s  by t h e  NaK 
Physic*il x o p e r t y  d a t a  a r s  r e l i a b l e  

No e f f e c t  of hesttad length/diawter  r a t i o  

The Reynolds number i n  the  annulus (Re,) mas about one-third the 

Reynolds number i n  the center  stream (Rei). 

a t i ons  were developed f o r  turbulent  flow, a l l  runs having Re0<1O4 are  

Since Msr t ine l l i ' s  consider- 

discarded. The average difference i n  ternpersture of the  two streams 

ranged from 10 to 30° F., makind the differencc i n  the heat capacity of 

t he  a l l o y  i n  the  streams very small. Since the temperature rise of each 

stream i s  dependent on mass flow r i t e  and hea t  ca?acity, it is seen t h a t  

temperature changes i n  both streams should correspond. This conaideration 

leads t o  the  el iminat ion of a fcw more runs rvhich had a poor heat  balance. 

For purposes of t h i s  examimtion 311 run3 having -& < 0.90 are discarded. 

(Subscript H refers to t h e  h o t  strenn; C refers t o  &e cold stream.) 
t 

*Oik Ridge Nstional Laboratory, Oak Ridge, Tennessee 

**Nuclear Development Associates, Inc., 33 jll. 60th St., 
New York 23, New York 
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A s  suggested by Lyon9, Msr t ine l l i '  s c a l ~ u l s t i o n s ~  may be approxirnnted 

The c i r cu la r  by a smooth curve of Nu versus a l e *  a s  shown on Figure 4-2. 

tube c s l cu la t ions  may ba 3ssu.ned t o  a2?ly t o  the centar tube o f  the  

aysparatus but there  i s  some doubt a s  t o  t h e  b e s t  m y  t o  s s t i m 3 t u  heat  

t r a n s f e r  i n  tha annulus. Figuru 4-2 a l s o  S ~ G I Q S  Msrt ina l l i f  s7 p e d i c t i o n s  

f o r  a system composed of fluid passing b2twezn two p s r a l l e l  T la tes  having 

the  s m e  heat  flux (symmetrical flux), and the caluulat ions of Harrison 

and Menkc" f o r  a p a r a l l e l  p ln te  system having no f l u x  through one w a l l  

(asymmetrical flux) A s  

tube predict ions f o r  the 

i n  place of diameter. 

Since no foul ing  i s  

a first at tempt ,  it is  decided t o  use c i r c u h r  

annulus, using the  equivalent hydraulic diameter 

sssumod, o v e r a l l  thermnl res i s tance  is  equal t o  
._I 

t h e  sum of the f i l m  r s s i s t ances  and the  tube ~ 1 1 1  resistance"4 The 

center  tube wall  temper?ture was not measured i n  the experiinents, so 

tho data  a re  evaluated i n  t z r m  of t o t a l  f i l n  r o s i s t m c e .  Tho o v e r a l l  

res i s tance  was mqsured exoe r imntz l ly  and the tube wall res i s tance  was 

calculated with rcason3Sle accur3cy. Thus, the  expximents l  avaluation 

of t o t a l  f i l m  res i s tance  i s  t h e  di f fc rencs  bztwtxn the o v e r a l l  res i s tance  

and thcj tube wall res is tance.  Tho t h e o r e t i c a l  t o t s 1  f i l n  resistrlnce i s  

obtained by evaluat ing t& insido and outs ide filn cozf f ic ionts  (h i  and 

ho, r e s p e c t i w l y )  by means of Figure 4-2. From these v d u a s ,  the t o t a l  

film res i s tance  i s  calculated.  Overall res i s tance ,  tube wal l  res i s tance ,  

and ins ide  film res i s tance  a re  all Sased on the inside surfsce area 

2 

*Definition snd influents o f a  w i l l  be discussed l a t e r .  For the present,  
it may be assumed t o  equal uni ty ,  

-5- 
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of t h e  center  tube. The cmtsicle f i l m  r e s i s t m c e  i s  not corrected t o  t h i s  

bas i s  s ince the correct ion f s c t o r  i s  small coinpsred with the pro3sble 

e r r o r  i n  applying c i r c u l a r  tube ca lcu la t ions  t o  the annulus; considering 

a l s o  the  probable error  i n  e x p e r i x m t i l  d a t i ,  ?hysical  p r o x x t i e s  data ,  

e tc .  

devis t ion  between experimental and calculated t o t ? , l  film res i s tance  

versus Reo, the R e  i n  the  annulus. 

Rei i s  about th ree  times Re, snd the system is d e f i n i t e l y  i n  turbulent  

flow f o r  Reo$lO,OOO. 

Figure 4-3 shows the  r e s u l t s  of t h i s  ana lys i s  ?resented as percent 

Data a re  ? lot ted against  Re, because 

More r e l i a b l c  physical  p ropar t ies  da t e  ameared i n  NRL-C-3243 

than were i n  RP-10, so tha ca lcu la t ions  qentioned ebove are repeated 

using t h e  revised data.  

Figure 4-3. New s7ec i f i c  heat vslues  changed t h e  values of overa l l  

coe f f i c i en t ,  and new v i scos i ty  valucs chenpd  the  values of ,%ynolds 

numbers, but the naqi i tudc of 3uvFations bstxeen c g e r i m e n t a l  and 

calculated t o t a l  f i l 3  res i s tance  are  riot s p x e c i a b l y  affected.  

ment would not bo improved by using i sma l l e l  ? l a t e  ca lcu la t ions  f o r  the 

annulus, and, i n  view of the ?ossible e r ror  i n  physical p r o m r t i e s  and 

experimental da ta ,  i t  is  believed t h s t  the  ana lys i s  given is adequate, 

Thew rzvised c a l c u l a t i m s  are  a l s o  sha-an on 

"he agree- 

For the  experimental runs reported i n  @RLIc-3242, t h e  equipment a s  

described i n  N1-10 and shown on Figure 4-1 was s l i g h t l y  modified and used 

again. 

"A* nicke l  u n i t  hnving e s s e n t i a l l y  the sane dimensions except f o r  the 

center  tube which now had an O.D. of 0.75 in. and an I.D. of 0.70 in .  

compared with the s t a i n l e s s  s t e e l  tube having t h e  sa% O.D. but an I.D. 

The s t a i n l e s s  s t e c l  heat exchanger u n i t  was replaced with 3 type 

*m 
9 7- 
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of 0.68 in. Other s l i g h t  modifications were introduced i n  an effort t o  

make the  equipment more v e r s a t i l e  and the ds t a  rnwe accurate. The e-xperi- 

mental ranges of var iab les  reported i n  NRM-3243 were a s  follows: 

average temperature 301 .. 1206 O F ,  

mass r a t e  

overa l l  coe f f i c i en t  

780 - 6100 lb./hr, 

1117 - 3240 Btu/hr.ft.2 ?I?. 

Prandt l  nuinber 0,0080 - 0,0212 

mass ve loc i ty  - G,(in annulus) 108,500 - 8.@,000 lb,/h~.ft. 2 

Gi(& center  tube) 292,000 - 2,280,000 lb , /hr . f t .  2 

Reynolds number - Reij(in annulus) 4,720 - 81,200 
Rei( in  center  t u b )  15,100 - 250,000 

In  addi t ion t o  t h e  msthod of ana lys i s  used i n  N$-10, mother  vethod w 3 s  

t r i e d  i n  NRL-C-3243, By assuming th3 t  no foul ing  occurs; t h a t  

f o r  t he  center tube, an3 t h ? t  

(Eq. 4,031 

f o r  the annulus, it was possible t o  evaluate a ,  m, and n by an a,s?roxi- 

mstion method. 

t h i s  type of analys is  are: 

The f i n a l  equstions recommended by Werner2as a resu l t  of 

-9- 
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and 

The authors of NRL-C-3243 pointed out  t h a t  they were aware of 
7 M a r t i n e l l i f s  work 

data f o r  a forthcoming report .  

c lose  t o  t heo re t i ca l  predictions7y9910 a s  shown on Figure 4-4 and 4-5, 

and e n e c t e d  t o  use h i s  ca lcu la t ions  i n  cor re la t ing  

Equations 4.05 and 4.06 f a l l  remarkably 

It is of pa r t i cu la r  i n t e r e s t  t o  note t h a t  i n  the case of the annulus, 

the data as calculated by Bquation 4.06 f i t  t h e  predicted values f o r  

c i r cu la r  tubes s l i z h t l y  b e t t e r  than e i t h e r  the calculat ions of Mart inel l i7  

f o r  the  synmetrical flw, p a r a l l e l  p l a t e  system o r  the calculat ions of 

Harrison and iYenke10 f o r  the asymmetrical flux, p a r a l l e l  p l a t e  system. 

It i s  decided t o  attempt an examination of t o t a l  film res i s tance  

from the data of NRL-(3-3243 i n  the same manner used f o r  t he  data  of 

-* NI-LO 

Figure 4-2, t o t a l  f i l m  res i s tance  i s  calculated and compared with the  

Using the ca lcu la t ions  nade f o r  c i r cu la r  tubes as d o t t e d  on 

difference between ove ra l l  thermal res i s tance  an4 calculated wall 

resis tance.  

In  making ca lcu la t ions  f o r  Figure 4-6, it was seen t h a t  the difference 

between calculated t o t a l  f i l m  res i s tance  and “ex?erimeDtalJ t o t a l  film 

Percent deviation is plottect against  Re, on Figure 4-6. 

res i s tance  is almost constant a t  1.0 x 10 -4 hr.ft.* 9~ , so t h i s  
B t u  

constant R was applied and the  ca l cu la t ions  are  repeated. Resulting 

poin ts  are p l a t t ed  on Figure 4-7, and it i s  seen t h a t  deviat ions are 

much smaller than before,  

plate  calculations of Harrison and Menke 

If one uses the asymmetrical flu, p a r a l l e l  

f o r  the annulus, it is seen 
l o  

2 t h a t  a constant R of 2.0 x hr* ft* OF brings the  data 
B t u  

-10- 
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together  a s  shown on Figure 4-8, No R 

Mar t ine l l i t s  symmetrical flux, 2 a r a l l e l  7 

correct ion is necessary if  

p la te  calculat ions are used f o r  

the  annulus, but the  spread of deviat ions i s  ra ther  la rge  a s  shown on 

Figure 4-9. 

In order t o  investigate the cha rac t e r i s t i c s  of R, experimental 

and calculated values of t o t a l  film res i s tance  are ? lo t ted  YS. ?+eo fo r  

runs 9-U, on Figure 4-10. 

theo re t i ca l  c i r cu la r  tube  calculation^^'^ t o  the ins ide  tube,  and 

Calculated valuas a re  obtained by applying 

applying three  sets  of ca lcu la t ions  t o  the annulus, as follows: 
7 1. Calculations of Mart inel l i  and &yon9 for 

c i r cu la r  tubes. 

Calculations of ~ a r t i n e l i i ~  f o r  s p m e t r i c a l  flux, 
par a l l e  3. , d a t e  s . 
Calculations of Harrison and 34enke1* for asymmetrical 
flux, p s r a l l a l  3lates.  

2. 

3. 

In  these experiments, t p i c a l  o v e r a l l  res i s tance  ranged from about 

3.3 x lo"+ t o  about 6.7 x 10 -' h*. ft*2 OF , 30 R Of 1.0 x l om4  
Btu 

h r *  f t a 2  OF* represents  15 t o  30% of t h e  t o t a l  res is tance.  Calculated 
Btu .-% . Since -4 hr. ft." OF 

Btu -- wall res i s tance  was of t h e  order of 0.6 x 10 

wall res i s tance  is small compared with t o t a l  res i s tance ,  and since R 

does not a q e a r  t o  f luc tua te  with any of the operating variables, it 

seems l i k e l y  t h a t  an error  i s  enter ing i n t o  the  calculated t o t a l  film 

re si stances. 

In  the thBoretica1 work drawing the analogy batwecn h e a t  and momentum 
eddy d i f f u s i v i t y  of heat t E, 

f rd9 eddy d i f f u s i v i t y  of monentum 9 t r ans fe r  ' lo, the r a t i o ,  

has  been assumed constant and ca l led  01 . Mortinel l i7  pointed out  t h a t  

-15- 
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Von Karmanu postulated t h a t  t and are equal; %ichardt13 suggested 

t h a t  a = 1.1, t o  3.5; Shespardl4 found 01 t o  equal about 1.6. 

paper by Martinell i7,  a was assumed t o  equal unity,  but, i n  the  mmr 

by Lyon , 01 was re tained i n  the f i n a l  cs lcu la t ions .  The equation &on 

has given the  smooth curvs through values calculated f o r  c i r cu la r  tubas 

(see Fig. 4-2) is; 

In  the 

9 

0.8 
Nu o 7 f- 0.05 ( a  Pc3)Oa5 + 0.023 ( cy ?e) (Eq. 4.07) 

If one assumes a : 1.6 and 

dctormining both t h e  csnter  tube and the annulus cooff ic ien ts ,  t h e  

ca lcu la t ions  may be r a x 3 t e d  f o r  runs 9-14 and these :)oints are a lso 

shown on Figure 4-10. 

mental and calculated t o t a l  f i l m  res i s tance  which resu l t s  from t h i s  

a3proach, a l l  runs r e m r t e d  i n  &C-j242 are  evaluated, l a t t i n g  a : 1.6, 

These values, shown on Figure 4-11, should bo conpared y i t h  vslues 

determined l e t t i n g  c;y 

cx = 2.0, and us33 Equation 4.07 for  

I n  vien of kho imqroved agreement between e x p r i -  

1.0, shown on Figure 4-6. 

These data indic2te  t h a t  a may ac tua l ly  be a constant a t  1.~6, 

However, the mly definite conclusion which may bs drawn from the 

ana lys i s  is t h a t ,  for the range of conditions studied, NaK data may be 

cor re la ted  by Equation 4.07 if cx is  assumed t o  be 1.6. 

pa t t e rn  which the deviations made on Figurc 4-11, it is indicsted t h a t  

From the 

the correlation can bo improved by slightly changing Equation 4.07, but 

it is not considered t o  be j u s t i f i e d  a t  present. 

The e f fec t  of length/disrnetor r a t i o  has  not  bedn t reatzd.  

NIartinelli’ mentioned work of Sandsrs lS which would ind ica te  t h a t  t h e  

-19- 
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effect is often a?preciable, even with large L/D r a t i o s .  

of NP-10 and MU,&-3243, L/D i n  the center  tu% and i n  t h s  annulus was 

about 50, 

be somewhat higher than 9redicted codff ic ionts  and tha t  the arnount by 

which they should be hightjr increasas  wi th  Ro. 

I n  tha amaratus 

It may be said qua l i t a t ive ly  t h a t  ac tua l  coaf f ic ien ts  should 

Data of Ni3L-C-3243 show f a i r l y  w ~ l l  t h a t  tarnporature l e v e l  does not 

a f f e c t  tha cor re la t ion ,  and t h i s ,  i n  tu rn ,  ind ica tes  t h a t  wetting 

cha rac t e r i s t i c s  of th2 NaK are  a2parently not depundont on temperatwe. 

The agroement b e t a x n  experimental rssults of NRL-C-3243 and 

Equation 4.07 ( l e t t i n g a  2 1.6) lends much su?port t o  t h e  underlying 

theo re t i ca l  work, It follows t h a t  for similar  systems using NaK, 

Equation 4.07 ( l e t t i n g a  = 1.6) i s  recommended until such time as 

addi t iona l  informatian ind ica tes  a d e s i r a d e  chan,ze. 

In the work by Novick, McGinnis, and Litchen’7erger reported i n  
3 $F-3746 , da ta  were taken i n  a c o 3 w  c a s t  steel tube heat  exchanger 

having tubes 0.500 in.  O.D. x 0.049 in.  wall x 51 i n .  long. Some d e t a i l s  

of the  experiment were mentioned by Novick I n  another pager . The da ta  

were analyzed by means of a Jilson Line ?lot6, assuming heat  transfer 

16 

coe f f i c i en t s  t o  vary with t h e  e ight- tenths  power of the stream velocity. 

This analysis l ed  t o  the r e l a t i o n  h z 1100 (V1)**8, where h is the 

NaK f i l m  coef f ic ien t  and Vt is  t h e  l i n e a r  stream veloc i ty  i n  ft./sec. 

Experimental conditions included v e l o c i t i e s  up t o  10 f t  ./sec. ; temperature 

up t o  662O F. (350 

Variation of coe f f i c i en t s  with the eight- tenths  power of veloci ty  

0 
C>; and Beynolds numbers between 5,000 and 50,000, 

is not  substant ia ted theo re t i ca l ly  for the case of  heat t ransfer  t o  

-21- 
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liquid metals. 

measured, the d i f f i c u l t y  l i es  i n  proportioning the thermal res i s tance  

t o  the two l iqu id  films and the intervening metal walls. 

l i n e  p lo t  f a c i l i t a t e s  estimating tha separate res i s tances  only i f  the  

r e l a t i o n  between ve loc i ty  and coef f ic ien t  is established. 

t h a t ,  since the two streams did not have t h e  same veloc i ty  and were 

composed of d i f f e ren t  l iquids ,  the inf luencs of the ve loc i ty  on the 

coef f ic ien ts  grobably i s  not the S a m  f o r  both stre3ms. 

the proposed equations show one method of Troportioning the  t o t a l  thermal 

res i s tance  which was me3suTed, but it should bo kept i n  nind tha t ,  even 

if the  squations a re  a-)?roximately co rmc t ,  they are spec i f i c  t o  the 

equipment and operating var iables  and cannot be extended t o  any other use. 

The type of heat exchanger usad complicates the  s i t ua t ion  by making it 

very d i f f i c u l t  t o  perform an accurate ca lcu la t ion  of t he  wall res i s tance ,  

which would be a means for  checking the res i s tance  determined by the 

Wilson l i n e  plot. 

If one assumes tha t  overa l l  coe f f i c i en t s  were accuratelg 

The fiilson 

It is believed 

It amear s  t h a t  

Insuff ic ient  data a re  included i n  tho repor t s  t o  

permit a comparison with predict ions of idar t ine l l i  7 and Lyon 9 a s  done 

with the data of N1-3.0 and NRL-C-3243, 

The simple relationshiL3 royorted ignores the e f f e c t  of change 

i n  physical  m o p e r t i e s  with ternpxature,  

coe f f i c i en t  can be represented as  a constant times the ve loc i ty  to 35me 

potver except f o r  one main 8trsam temperature, nliich must be constant 

throughout the s e r i e s  of tests, o r  f o r  the  unique case i n  tvhich effect 

of tanpera twe change i s  ref lec ted  i n  somt3 other var iable  such as 

It i s  d i f f i c u l t  t o  see hot7 t h e  

-22- 
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velocity,  

of the  method was taken i n t o  account i n  the exneriments. The Nilson l i ne  

p l o t s  and a p lo t  of Nu vs. fie a re  included i n  thc reqort .  

It i s  not c lear  from the r s p o r t s  whether or not t h i s  l imi t a t ion  

For purposes of comparison, a temGerature of 482 OF, (250 OC.) is  

assumed and ca lcu la t ions  of Nu aro made f o r  ve loc i t i e s  from 1 t o  10 ft . /sec.  

using the  simple r e l a t i o n  h 1100 (VI) . The values are p lo t ted  as 

Nu VS. l e  on Figure 4-12, along with Equ:ition 4.07, and the Colburn 

0.8 

equation 4 . Ona must a s sme  a tcmpcratum and us0 l e  a s  abscissa i n  

order t o  reduce a l l  t h ree  equations t o  a common basis.  

p roper t ies  used i n  inaking these ca lcu la t ions  a re  taken from NRL-C-3243. 

2hysical 

In view of the  l imi ta t ions  mentioned above, the comparison shown 

on Figure 4-12 is believed t o  have w r y  l i t t l e  significance.  

In the  near fu tu ro ,  R. N. Lyoz* is expecting t o  take data on heat 

t r a n s f e r  t o  NaK a l loy  i n  3 ' r f i g r e  of e izht" ,  double l ipe heat exchanger 

system. 

R. J. Mussor and P. 2. prdpared a t h c s i s  on heat t r ans fe r  

t o  mercury. 

shom on Figure 4-13. 

A schsmatic diagran of tho 33xir3tus xhich thcy used is  

The heating sec t ion  mas douSle jacketed; tho heat 37as furnished 

by dry, saturated,  60 ps i3  s t e m  i n  n'iich d r o p i s e  condensation was 

promoted by addition of oleic  x i d .  

of t h e  wall  arid stean f i l m  was obtained by using 7,lrater i n  the system 

ins tead  of mercury and a?plying thG 'X.lson l i n e  p lo t  methodQ, 

The sum of the thermal res i s tances  

This 

*Oak Ridgo National Laboratory. - 
-23- 
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method of analysis  apSears t o  be sa t i s fac tory ,  since t h e  tx r i a t ion  of 

fib coeff ic ien ts  with the eight-tenths D o w e r  of veloci ty  is well 

established f o r  water i n  turbulent f l Q w .  The sum of tho wa l l  and steam 

film resis tances  found i n  t h i s  way was assumed t o  remain constant f o r  

the  mercury runs. 

The mercury was cooled by counter-current f low of water i n  an annulus 

surrounding the mercury stream. 

used f o r  each mercury w l o c i t y ,  making it 3ossible t o  use the 'RLlson l i n e  

p l o t  method t o  wa lua te  the  sum of the wall and xercury filrr. res is tances  

f o r  each series of runs,  7al1 resis tance v a s  cslculatod from the wall 

thickness and thermal conductivity of t h o  tube. 

mind tha t  mercury did not wet t h o  tube mils  i n  these experimental runs. 

Several cooling water ve loc i t ies  were 

It should bo kept i n  

It was found tk t  wrcury  hest  trmsfor Coefficients varied a s  the 

0,58 power of the Reynolds nu2bor over t h a  range studied - 27,000 t o  

70,000, corresponding t o  vzloci t ios  of 1.10 t o  2.72 ft . /sac.  2nd flow 

rates of 1,800 t o  4,400 pounds ?er hour. 

varied from 1,390 

section, and they tvere about 10% lower i n  t h e  cooling section. 

numbers were betweon 0.0178 and 0.0186 throughout the experiments, 

corresoonding t o  a small range of average bulk temperatures near 165 F, 

In  t h i s  range, f i l m  coeff ic ients  

15% t o  2,270 i- - 15% B t d h r .  ft.2 OF. i n  thd heating 

Prandtl  

0 

In evaluating thc  data from t h e w  oxperirrents, it i s  of much i n t e r e s t  

t o  note t h 3  good agrement x i t h  the Von Ksrman equation=, a s  pointed out 

by Musscr and ?ago - 

-25- 
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i 

N U =  - 0.04 2r 7 (Sq. 4.08) 
I i Re-'-- 1 + In (1 C 5/6 ;Pr - 1 1  )j 

as shown I n  Figure 4-14, 

plot ted on Figure 4-14; 

For comparison, four other equations are a l so  

1. 

2. 

3, 

4. 

The f a c t  

disagree with 

Lyon cq22tion9 - l e t t i n g  a 1.0 (Eq. 4.07) 

Nu 7 + 3,05( 0 f 3.323 ( a ?e> 
0.8 

18 Dittus-Sozltar oquation 
0.8 ( * ) 3 * 4  NU 0.023 (Rz)  

19 Modified Colburn equation 

S t  (?r2I3 (. 0.05) 2 0,023(Ra)-0*2 

(2q. 4.09) 

(Eq. 4 m )  

2 Equation recommended i n  NRL-C-3242 

Nu : 0.227 (Pr) (Sq. 4.05) 0.31 

12 
t h a t  those d a h  agrcc with the Von Karman equation and 

tho Lyon equation9 i s  not considered t o  be any ju s t i f i ca t ion  

fo r  assuming Von K:mwm's analogy t o  %e the  most accurate f o ~  use i n  

prodicting haa t  t r ans fe r  t o  l iqu id  metals. 

with Von Kxinanf s analogy is  la rgc lyf for tu i tous ,  sirice it would be 

e-ccted t h a t  both analogies m u l d  be considerably modified i f  the case 

of non-notting of the walls werz considered theorat ical ly .  

It amears  t h a t  the 3greemant 

In  order t o  examine more carefu l ly  the deviztions of tha mercury 

9 data  from the Lyon cqu3tion I the following assmptions are  mqder 

-27- 



1. The veloci ty  p ro f i l e  i s  the same f o r  wetting End non- 
wetting conditions. 

2. The Lyon equation (Eq. 4.07) correc t ly  pred ic t s  the mercury 
f i l m  coeff ic ient  - l e t t i n , ?  ,-J 1.3 f o r  f i rs t  approximation. 

3. Additional thermal res is tance i s  caused by the presence of 
a film of a i r  or mercury vapor. 

Film resis tances  re3orted by Musser and .?age a re  ac tua l ly  
the sums of the mercury f i l m  and mercury vapor or  a i r  
f i l m  res is tances ,  

4. 

1 1 1 
h Thus, - (Rjusser and Page) 

vs. Re, and it i s  seen t h a t  h, : - io Re. Figure 4-15 shows a p lo t  of -- 
‘i; (Lgon) ’ Ex ( a i r  o r  Hg vapor) 
1 
hx 

Only four  points  deviate grea t ly  fron! t h i s  re la t ionshio,  and they 

corresoond t o  four ?oints  which f a l l  lower than most of the other data 

plot ted on Figure 4-14. If one assumes t h a t  an a i r  or mercury vapor f i l m  

is ?resent, the thickness of the f i l m  can be calctllated from its  thermal 

conductivity and the thermal res is tance reported. These calcnlations 

ind ica te  a f i lm thic’mess of about 2.3 microns a t  He = 27000 and about 

0,9 micron a t  Iie = 70,000. 

Another possible means of ex9laining the deviations may be t h a t  

the effect of increasing ve loc i ty  is t o  increase the e f fec t ive  rubbing 

perimeter or the ac tua l  t o t a l  heat t r ans fe r  area by increasinq the contact 

area between the mercury and the >ores i n  the  wall. 

is considered t o  be l e s s  l i k e l y  t o  be val id  than the  idea of an addi t ional  

This idea, however, 

film. 

and another ?ossi\le emlanat ion f o r  deviations between theory and exqeri- 

ment could be t h a t  a s  3e i s  increased, the 3rofi le  tends toward the prof i le  

A n  unusual veloci ty  ? ro f i l e  nay e x i s t  for the case of non-wetting 

-28 - 
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20 used for Martinell i t  s7 and Lyon’ s9 calculations.  

presented calculat ions f o r  l imit ing Nusselt number based on the assumption 

of heat t ransfer  by molecular conductivity alone. 

case of constant wall  temperature, the l imit ing Nu is 5.8 f o r  constant 

velocity d is t r ibu t ion  and 3.65 f o r  yarabolic veloci ty  d is t r ibu t ion ,  

These values are indicated on Figure 4-14. From the r e l a t ion  of  experi- 

manta1 data with respect  t o  the l imit ing Nu and the Lvon equation (which 

includes the e f f ec t  of eddy conductivity), it i s  suzgested tha t  the  velocity 

d i s t r ibu t ion  aD3roaches the Darabolic fircit  and tha t  the e f f ec t  of eddy 

conductivity is small. 

Nor r i s  and Streid 

If one considers the 

It is  d i f f i c u l t  t o  speculate as t o  the value of a or the shape of 

the veloci ty  prof i le ;  consequently, l i t t l e  significance can bz attached 

t o  any a f  these possible exglanations un t i l  fur ther  exserimental work is 

done on t h i s  problem, 

t o  include other ternaxratme ranges and the case of the w a l l s  being 

wetted. 

drop data f o r  ge t t ing  and non-wtting conditions. 

Reynolds number on friction and pressure drop may be considerably d i f f e ren t  

i n  the  two cases, and the data  would be valuable i n  determining whether 

o r  not slip occurs a t  the wall. 

ldusser and -.?age recommended extendinq the work 

Another i n t s r e s t ing  a l l i e d  woblem might be t o  compare pressure 

The influence of 

Previous mention has been made of work on 8aK re;>orted i n  CF-37463. 

In  one s e r i e s  of runs, mercury vias used as a coolant f o r  the NaK i n  a 

copper cas t  steel tube hea t  exchanger. The same commemts made on the 

analysis  of NaK heat t ransfer  data from t h i s  report  apply t o  the data on 

mercury. A ’i?ilson l i n e  :3lot” was used, assuming a chanze of heat transfer 
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coeff ic ient  wi th  the eight-tenths power of the velocity.  

t o  note t h a t  additions of obi$ magnesium and 0.0916% titanium were con- 

sidered suf f ic ien t  t o  produce sa t i s fac tory  wetting. 

numbers studied was from 50,000 t o  122,000, corresponding t o  ve loc i t i e s  

from about 1.3 t o  3.2 ft./sec. a t  347' F. (175 OC). 

i n  the following expression: 

t r ans fe r  coefficient i n  Btu/hr. ft,' 9, and VI is veloci ty  in f t e / sec r  

Though l i t t le  confidence is placed i n  the form of this expression, it i s  of 

i n t e r e s t  t o  compare it with predictions from the Lyon equation9 (Eq. 4.07) 

and the equation recommended in NU-C-3242 (Eq. 4.05), 

veloci ty  from each end of the experimental range, and assumes a temperature 

of 347 9. (175 OC), the  followina, comparison may be made: 

It is of  i n t e re s t  

The range of Beynolds 

The dilson p lo t  resulted 

h z 2540 (VI) ' e 8 ,  where h is the heat 

If one uses a 

(Physical 

propert ies  of 

Velocity 

ft./sec. 

3.15 

1.32 

Other data on 

Semenovker . 21 

mercurr a re  taken from ldusser and ~age17. )  

- Re Nu 

2540 (Vf)o*8 Db 
~ 2 2  105 30.7 16 

5.1 104 15.4 13.1 

heat t ransfer  t o  mercury were reported by Styrikovich and 

Their data  fell between the Von Karman and the Lyon 

equations, and there  is some question regarding whether o r  not the mercury 

wetted the tube walls i n  t h e i r  experiments. 

Bakhmetef?' and Goldstein23 are  recommended f o r  reference t o  

theories  of turbulent flow, 

Jonassen2& presented developments which serve a s  a Zood background f o r  the 

Von Karmanl' and Boelter, Mart inel l i  and 

' L - * , J  
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7 10 
payers  of Mar t inc l l i  , Lyon9, and Harrison and iblcnko 

laboratory, Karush 25'26 presented two imugrs  03 eddy d i f fus ion .  An 

equation orosentcd by KarushZ6 f o r  heat t r a n s f e r  t o  l iquids of low Prandt l  

number gives f a i r  agreemcnt with tho equations of l l a r t i n e l l i  

From a project 

7 9 and Lyon . 
Brooks and B e r g g r ~ n ~ ~  prrjsontsd cons idera t ions  on t h s  v a r i a t i o n  O f  

eddy d i f f u s i v i t y  across a channol. 

roported by Ni'madse. 

T h q  notdd t h a t  the vd loc i ty  p r o f i l e s  
28 

'cmrc not d i r e c t  obsorvations but they -nore based on 

smoothed gradicnts. Tha ?a t t a rn  of smoothing gzvo reasonable mixing 

longths but aallcd fo r  zero eddy d i f f u s i v i t y  a t  the cen te r  of a pilse. The 

i n t e r p r e t a t i o n  of Brooks and Bcrggron ind ica ted  uniform eddy d i f f u s i v i t y  

across the cen t r a l  po r t ion  of a tubo, 

In the p a y r  by Harrison and blonkulQ on heat t r a n s f e r  t o  l i qu id  metals 

i n  asymmatrically heatod channels ,  tho c?ffGcts or" t h m 2  different s e t s  of 

values of eddy d i f f u s i v i t y  were compared. Onct of tho assumed curvos for 

eddy d i f f u s i v i t y  'vas c s s c n t i a l l y  th3  samo a s  ths i n t e r p r e t a t i o n  by 

Brooks and BQrgZrcn notJd  above, 

Preliminary s tudios  reportod by Corcoran, Roudcbush and Sago 29 

ind ica ted  t h a t  eddy d i f f u s i v i t y  reachcs a maximux a t  the center  of a 

channel, 

s u b s t a n t i a l l v  uniform across  t h z  main cont ra1  por t ion  of a l a r g e  f l a k  

Shorwood and ?Voerta3* obsorvvd t h a t  oddy d i f f u s i v i t y  nos 

duct 

Young3l xzson tod  a d ? i t i o n a l  woFk on t he  analogy bztwezn heat  and 

momentum t r a n s f e r  i n  n ? n m r  on dva?mraLion of a dissolved gas  from a 

l iquid.  
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PART 5 

HEAT TRANSE'ER TO JATZR IN AN A.iVNULUS 
BY CGMBINED CONDUCTIGR AND FOXED CONVECTION 

Double-pipe heat exchangers are very a t t r ac t ive  because they are 

easy t o  construct and have a simple space-saving geometry. The case of 

heat t ransfer  from the  inner f l u i d  t o  the inside tube has been correlated 

by many eqerimenters ,  but car re la t ions  f o r  the heat t r ans fe r  i n  the 

annulus are  not a s  %el l  established. In t h i s  section, heat t ransfer  

is discussed f o r  thc cases of both t w b u l e n t  and laainar  flow. A few 

notes on the e f f ec t  of r i b s  a n j  t h e  effec-6 of eccent r ic i ty  i n  the 

annulus are a l so  presented. 

Turbulent flow 

Numerous expr imenters  have invest igatsd the case of heating water 

i n  an annulus. Donovan surveyed t h e  l i t e r a t u r e  f o r  information on heat 

t r ans fe r  and pressure drop i n  an annulus, and the  r e s u l t s  of  t h i s  

survey were presented i n  a Clinton Laborator ies  demorandm t o  Briggs 

For heat t ransfer  information, Donovan r e l i e d  rather  heavily on a study 

1 

presented by Wiegand2 i n  1945. 

several  e ~ p e r i m e n t e r s ~ " ~  5 1 6 9  '7 by using the following general  equation 

as a basis: 

Viegand compared t he  recommendations of 

. .. 
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The present  s t a t u s  of experimental evidence ind ica t e s  t h a t  the  exact 

influence of each va r i ab le  i s  n o t  known, For a given apparatus, an 

empirical  equation can be es tab l i s%ed which f i t s  the  da ta  well, but i t  

i s  not necessa r i ly  a7glicable t o  data obtained i n  other equipment or with 

widely d i f f e r e n t  operating conditions. iyicgand recornended the  following 

equation as a l o g i c a l  compromiaa f o r  the  case of heat t r a n s f e r  between a 

turbulen t  stream and the inner wal l  of an annulus i n  Svhich it moves: 

For heat t r a n s f e r  t o  tho  outer mll ,  he aug7Estc.d: 

If v i s c o s i t y  of tho f l u i d  i s  gre:iter than ti?ice the  v i s c o s i t y  of mater, 

Wiegand suggested t h a t  p r3pe r t i s s  i n  these equations should be 

evaluated a t  t he  f i l m  temperature . 
the  usua l  Dittus-Boelter 3ype of equation 

8 Equation 5.03 can bt? r ewr i t t en  a s  
9,lO , where n : 0.4 for heat ing  

and 0.3  f o r  cooling. 

spaces %as presentod 

Another survoy of t s a n s f a r  processes i n  annular 

by ';Viegmd and Bekar5 i n  1942. A b r i e f  desc r ip t ion  

of experimantsl technique xas  included i.n the  remarks about f r i c t i o n  and 

-2 - 
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da ta  obtained by var ious  s e e r i m e n t e r s  and, 11,12,13 14 hea t  t r a n s f e r  

again,  a systematic  comparison of c o r r e l a t i o n s  was included. 

A number of a d d i t i o n a l  re ferences  on hoat transfer'* and ?resslire 

drop i n  an annulus a?pozred i n  t h e  paper which presented a new c o r r e l a t i o n  

by Davis 6 . The most recent  report  on experimental  m r k  found i n  off-  

the-project  l i t e r a t u r e  was presented by C a r w n t e r ,  Colburn, and Schoenborn 

i n  1 9 ~ 4 1 ~ .  

For purposos of t h i s  r e p o r t ,  it was decided t o  note  b r i e f l y  a few 

of  t he  recommended c o r r e l a t i o n s  f o r  hea t  t r a n s f e r  i n  an annulus and t o  

choose three r ep resen ta t ive  types of c o r r e l a t i o n s  f o r  comparing da ta  of 

observers on the  project,.  
9 

Monrad-pelt on 

or (aq. 5.04a) .- 

These equat ions were presented f o r  tha  cas2 of hes% t r a n s f a r  t o  the  inne r  

w a l l  of the xmulus ,  an:j they c o r r s i a t a d  exmrirncnts havins  t h o  following 

c h a r a c t o r i s t i c  f e s t u r e s :  

Y?a t o r  l.9,300-222,000 1.65 0.817 inches 

'Jia t a r  11 , 390-17 5,000 2.45 1.818 

Air 12,600-31,300 17 0.98'7 
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For heat  t r a n s f e r  t c  tho outer  wall, the  D i t t  !s-Soeltor e q u o t i ~ n ~ , ~ ~  

was found t o  hold f o r  water i n  an annulus of D*/D1 P 1,85, 

(De = 0.46 in . )  and over a range of from 6300 t o  28800. 
CL 

For heat t r a n s f e r  from a wire t o  a i r ,  klueller correlated da ta  with 

t h e  following equation$ 

(Eq, 5.05) 

In  order t o  compare t h i s  c o r r e l a t i o n  with o the r s  which include 
? cp .’in 
” Frandtl nunber, Wiicgand2 asswned t h a t  0.064 = a i , Letting 

_ccl = 0.74 and n - 0.4. f o r  heating a i r ,  Wiegand wrote Equation 5.05 i n  

t h e  following rnanniar: 

- k 

l ead  t o  0.072 x 0,74°*4 r a t h e r  than 3.077 x 0,7’.!+0*4 This would give 

Muellerrs work is not believed t o  be a?piicable t o  mesent  x o j e c t  
i:m \ 

(> D1) 
needs, however, s ince  the  rage of dlarneter r a t i o s  - used i n  the 

experiment was between 595 and 6P50. 

Among the  expr imentars  mentioned by Yiegand and Baker’, i t  i s  

noted t h a t  Foust and Christian12, and Focs t  md Thompson” ?resented 

tno more equations f o r  heat t r a n s f e r  from t h e  inner  wa l l  t o  watcr  in an 

annulus, 
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Zoust and Chris t ian" 

(Eq. 5.06a) 

D2 

t h e  equat ion a-ipeared t o  be incrsasing a s  ~ 

ranged from L 2 0  t o  2.56. Deviat ions between exgerirnental d a t a  and 

increased. D2 6 
It i s  f e l t  t h a t  

*1 
t h e  c o r r e l a t i o n  would not  hold for - D2 much g rea t e r  than  2.5, 

D 1. 

11 Foust and Thompson 

(Eq. 5,07) 

(Eq. 5*07a) 

Constant  D2 

Equation 

of 1.58 was used i n  the experiment co r re l a t ed  by 

5,07, so  it is  i n i o s s i b l e  $0 a?pljt a D2 correc t ion .  F 
6 Davis 

o r  (Eq. 5.08) 

(Eq. 5.083) 

Equation 5.08 was used by Davis t o  c o r r c l a t o  da t a  with z D:, ranging from 

1.18 t o  6800. The c o e f f i c i e n t  0.031 p n n t e d  a s  0.038, D1 but i t  is  

-- 
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believed t h a t  D.031 i s  the co r rec t  value 7916917. BY analogv, ~ a v i s  

presented an equation for heRt t r ans fe r  t o  the outer wall of an annulus: 

or 

where q i s  between 0.05 and 0.15. 

lvlcMillen and Larm7 

Using - D2 

Davis type equation 6 .  

from 1.25 t o  1.9’7, k d i l l a n  and Larsofi co r re l a t ed  da ta  
D1 

two ways : 

(This  equation is  i d e n t i c a l  ivith Xquation 5.03 except f o r  t he  coe f f i c i en t )  

Colburn type equation8 

(Eq. 5.11) 

Carpenter,  Colburn, and Schoanborn 16 showd thst c r i t i c 2 1  3eynolds 

number mas about 2000 1iuh.m t h e  R e  was hised on 13, and pa .  

support t o  the use of De, r a t h e r  than 01 or D2, i n  It,? involved i n  hea t  

t r a n s f e r  c o r r a l i t i o n s .  

Reynolds numbers rangod from 150 t o  15,000. 

Reynolds numbers, t h e  ds ta  aere  not  extended very f a r  i n t o  the  tu rbu len t  

region. 

Tnis gives 

The a?pa ra tus  ussd h-1 a 2 of 1.134 md 
Dl 

A s  seen from tha range of 

Data were p lo t t ed  i n  t e r m  oft 
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(2 )  A j f a c t o r  based on the  3ieder-Tste18 equst ion,  

No new equations were suggested, but it  a3pears t h a t  t h e  following 

equation aForoximates t h e  da t a  f o r  turbulent flow, us ins  t h e  Colburn j 

(Jq. 5.12) 

Since b r i t t c a l  Reynolds number involves  p a  r s t h a r  than pf, the  

Sieder-Tate tyge of c o r r e l s t i o n  was thoush t  t o  3e more significant, 

The data were mxoxina ted  by t h e  following equation: 

The usual Sieder-Tate oquation l8 f o r  c i r c u l a r  tubes  is: 

(Eq. 5.13) 

(Xq. 5.14.) 

For t h e  sfstem involved in t hese  ex2eriments,  t h e  Davis equation 6 
(Eq. 5.08d) 

(Eq. 5.08b) 

It is of i n t e r e s t  t o  note  t h 3 t  d q m t i o n s  5.14 snd 5.38b are  

D r a c t i c s l l y  identical. 

Sieder-TJte equat ion 3 t  .9e I 3090, and 2bout 10% lower when extra- 

'The d a t ?  t s k e n  f a l l  about  25% lower than  the  

mihated t o  Re = 20,000. 

r a i s e d  t o  the  0.9 Tower i n  a YVilson l i n a  plot19 e a r l y  i n  t h a  a n s l y s i s  

of the da ta  is r e f l e c t e d  i n  Equations 5.12 and 5.13. 

It is s . smc ted  t h a t  us3 of mass flow T r i t e  
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For cor re l . l t i on  of  ?reject d3t3 on hea t  t r a n s f e r  t o  t he  inner  wall 

of an annulus,  t h r e e  equations are s e l e c t e d  f o r  compxison: 

1. Diktus-Boelter type of equo t tn9910  

(Eq. 5.033) 

I n  the p r o j e c t  experiments which have been s tud ied ,  2 r a t i o s  were 
D1 

between 1.07 and 1.35; consequently, Tquation 5.03~1 a3woxi:nate.s t h e  

Bquation 5.02 rocoamendcd by Nicgsnd 2 Addit ional  s u x m r t  is given t o  

Equstion 5.03a by tho  work of Morris an? Sims2*, 2nd the  c o r r e l a t i o n  of 

Foust and Thompson'' is very s i m i l a r ,  

2. Monr ad -?e 1 t o n  Equation.? 

Equation 5.04 is se l ec t ed  f o r  comparison sincs it w3s used t o  

c o r r e l a t e  da ta  f o r  f a i r l y  low 3 (1.65) over u l a rga  ranso of 
D 1  

Re (19,3OO-222,000). 

6 3. Davis equat ion 

Equation 5.08 i s  sumor ted  by thl: work of !Wkillen and Larson 7 

snd it is  i n  fsir agreement w i t h  t h o  d s t 3  of Csraenter ,  Colburn, 3nd 

16 Schoenborn , 

The fol lowing paragraphs  will bd dovotad t o  b r i a f  no tas  r e f e r r i n g  

t a  axperiments uerformed i n  mogoct  l a b o r a t o r i e s  on heqt t r a n s f e r  from - 
18 - 



9 
/L 
\,* D" t h e  in s ide  wall t o  w3tor  i n  on annulus, C h a r a c t x i s t i c s  - 

D2 and De' of the  equi?>msnt used ir, aach e x p r i a e n t  a m  shown 1 L 
-I 

D1 + D2 
on Tc3blo 5-1. Dats of various oljservers 325 co!nyJarud with the  Di t tus -  

BocLter type of equation, tht? Monrnd-?elton equation, and the Davis 

equation on Figurcs 5-1, 5-2, and 5-3, respec t ive ly ,  

Of tho m p o r t s  found i n  the  ava i lab le  pro jec t  l i t m a t u r e ,  one of tho 

nos t  comprehensive r e p o r t s  on heat t r a n s f e r  i n  an annulus was presented 

by Gishlor snd BoyerZ1, Data were t sken  i n  8 double-tube aluminum heat 

exchanger with steam p s s i n g  through tlia cantor tube, 

t h e  annulus, thG range of D> was bc twon  10,800 and 39,000. 

agrearnont was obtcinod Iwith thc  o r i g i n a l  Dittus-BoeltGr equation9 f o r  

For t h s  wator i n  

Excellant 
c1 

hea t ing  water i n  circu1.m t u k s ,  

(9q. 5.15) 

Gishlcjr md used two heat o x c h m g m s  t o  dstcrmine f i l m  

forming prope r t i e s  of water t r e a t e d  xrith alum. 

experiment i s  used t o  c3lculnto a 2oin t  f o r  comparison with the oquntions 

mentioned above. Hcrs again, t h s  canter tube was steam-heated and 

The i n i t i a l  run i n  each 

water flowed through the  annulus. 

of 42.5, t h e  Dg 
exchanger, D G  i n  the  annulus :vas 39,000. 

In  the  heat exchanger hwing  

In  the  o ther  hea t  i n  thc  annulus was 17,450. 
CI 

P 
I n  determining hea t  t r a n s f e r  coe f f i c i cn t s  for polished 2nd 

0, 

anodized 

aluminum sur faces ,  Bauer md ~ i l n a r ~ ~  found good ag r smen t  betweon da ta  

f o r  heating watar i n  an annulus mil the  Colburn equation8 f o r  h m t  

t r ans fe r  i n  c i r c u l a r  tubas, 
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(Eq. 5.16) 

where De is used i n s t ead  of D, The center tuba wa6 s t e m  healed, and, 

f o r  both the polished and the anodized tubes, tho  - D@G i n  t h o  annulus was 
I-I 

i n  a m a l l  range near 14,000. 

t h e  da ta  of Beuer and Milnar i n  lins with data of other observers s.sme- 

what be t te r  than  the o t h w  two cor re l a t ions ,  

The Davis c o r r e l a t i o n  m3c3rs t o  bring 

b a t z ,  Raeth, m d  Christ24 ma&s s e r i o s  of h3st  t r ans fe r  s tud ie s  

which includGd a few t z s t s  i n  XI al3ctrical.l.y heat6d canter tu\e with 

water i n  t u r b u h n t  flow i n  t h 3  annulus. A s  shown on t h a  accompanying 

f i g u r e s ,  t h e i r  da ta  f a l l  i n  l i n e  with tht:  

C i sh lc r  and Sercdri 

of G i s h l o r  nnd Boyer, and 

Van Rinkle and Asc91iL5 wrfwmud a serios of  exwrimijnts which 

included data on h b : t i n g  wat.2r from thi! insidc! w a l l  of on annulus, and 

cooling mte r  through the  outside sal1 of m annulus. 

heating wator were analyzed bg using t h e  l oga r i thn ic  mean temperature 

difference26 t o  calculate  t h e  o v d r a l l  caeff icicnt slid a?plying t h a  'Nilson 

l i n e  p l o t  type of analysis19. 

and Ascoli a s  a result, of t h s s e  axpdrimonts i s :  

Thc da ta  fo r  

The oquatian rGcomnended by Van '/Tinkle 

o r  a simplified vergion - 
(8q. 5.17) 

where h i s  i n  B$U ; +, is average bulk temperature i n  OF; V f  is  
h r ,  f t . ' r ° F  
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v e l o c i t y  i n  ft . /sec,;  and D,’ is  aquivalont  diamatar i n  inches,  For the  

case having % : 1.09* Reynolds nwnbiirs i n  t h e  annulus ranged from 13,200 
Di 
J. 

t o  57,400, In t h e  othor case,  Reynolds numbsrs rongJd from 21,57’3 t o  

939 560. 

me da ta  of Van !3inkle and Ascol i  a re  s m n  t o  f311 sornewh.:t lower 

than  the data of other observers a s  shown on Figures 5-1, 5-2, ant3 5-3 .  

It is believed t h a t  t h e i r  da ta  exh ib i t  t h e  same a f f e c t  9s s h o w  i n  the 

work by Csrpa-her, Colburn, 2nd Schoonbornlb, aild it is  f u r t h e r  be l ieve3  

t h a t ,  i n  both s e t s  of oxD3rincnts,  t h s  devi3 t ion  f rom usual equations i s  a 

result of  t h e  choice of tdmpersturb tliffarcnce an.! X l s o n  l i n 3  p l o t  

method f o r  analysis. 

made t o  subs t an t i a to  t h i s  b d l i u f  by a c l o s t z  o x m i n a t i m  of t h e  da ta ,  but 

it appears t h a t  trse of ‘.Fb, G, 3r V t o  an axnoncnt l i f f e r o n t  from 0.8 i n  

t h e  iVilson l i n d  p l o t  mill b G  ri3flcc%a3 in t h e  f i n a l  c-mwlntion. Good 

hea t  balances ind ica td  t h a t  heat f luxes  u s 4  i n  c s l cu l2 t iny  3ver311 

Due t o  n linAtation of t ime,  no o f f o r t  hss b.;on 

c o e f f i c i e n t s  ‘b;lcz”c? w r y  re l i3b le ,  The lo@rith.:ic nuzn t a rqe r s tu re  

is s t r i c t l y  applicable for s y s t m s  having :I c Q n s t m t  ovur:ill 

coe f f i c i en t  and it i s  suswc ted  t h a t  dev ia t ions  from t h i s  ctinilitisn tire 

ref lected i n  t h o  e v a l u a t i m  2f th3 overs3.l coe f f i c i cn t s  which ierd used 

i n  t h e  Wilson type p l o t s  t o  ge t  i n d i v i d u a l  c o e f f i c i j n t s .  

Xn coTparing Figures 5-1, 5-2 mrl 5-3, it is s o m  t h f i t  t h o  Dittus- 

Boolter type of c o r r c l a t i m  gives t h 3  bes t  a g r a a x n t  ( J i th  the  d a t a  of 

project observers. This  i s  a s imc ia l ly  fortun,& since tb X t t u s - B w l t e r  

type of aquation i s  the  sirqlest of‘ the  threa  equations. 

f o r  heating watar i n  an annulus, wi th  h o a t  being t r ens fa r r ed  f rom the 

It follotvs t h a t  

i n s ide  wall, Equation 5.04a i s  rdcomncnde\l for systems having chwacter- 

ist ics within t h e  range shown on Tnblo 5.11, 

-1b- 



TABLE 5-1 

C h a r s c t s i s t i c s  of Exvwrirnental Equipment 

Experimenters 

Gish ler  , Boyer2' 

& 
3 83 24.8 

De1 (in,) 

1.14 0,200 

383 -24.8 1.14 0,230 
42.5 4.28 1.22 0.235 

22 Gishlar  , Sorada 

Bauer, ~ i l n d r ~ ~  42.9 30% 1.19 0.28 

Krnta, Raeth, Chris t24 16.9 1.36 1.07 3.241 

Van Ninkle, Ascoli 25 762 31.5 1.09 0.151 
6 50 97.3 1.35 0.178 

Van Winkle mil AscoliZ5 prcsonted t h e  only da ta  found i n  p r o j e c t  

r o a o r t s  on cool ing mt:r i n  t u r b u l t n t  flow i n  an mnulus ,  These expori-  

nen t s  d i f f e r  from the o the r s  mentioned previous ly  not  only a s  a resu l t  

of t h o  f a c t  t h a t  t h e  water i s  h3ing cooled r a t h e r  them heated,  bu t  a l s o  

as a resul t  of t h e  f x t  t h a t  hea t  is boing t r n n s f e r m d  t o  tht;: outside 
Q3G wal l ,  I n  these  exper immts ,  - ranged from 27,500 t o  106,000 in two 
v 

systems having c h a r a c t e r i s t i c s  a s  i nd ica t ed  below: 

Since the  cooling data were taken simultaneously . d t h  tho hea t ing  

d a t a  mentioned above, t he  cmmants made on th3  metho-1 of an.3ljtsi.s of 

t h e  hea t ing  d a t a  a r e  a l s o  rapplicable t o  thzsa. 

The Di t tus -Bos l te r  typa of  equat ion and suvera l  modif icat ions of t he  

Davis equat ion  a r e  selected t c  c o r r e l a t e  t h e  d a t a  of Van ',Pinkls and 

Ascol i  f o r  cool ing water through t h 2  outs ida  w a l l  of nn annulus: 

4 4 -  
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D i t  tus-floe It e r  tyge of equa ti02 
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This equat ion  was recommended by 3iegand2, ;3rimarilY a s  a r e s u l t  

of the f i n d i n y  of Monrad and 3e l ton  . A comparison of t h e  da ta  

with N u a t i o n  5 . 0 3  i s  shown on Figure  5-4. 

Davis e t u a t i o n  , 1 e t t i n A q  : 0,l 

3 

6 -- 

Equation 5;W is shown on Figlire 5 - 5 ,  

It is seen t h a t  i f  q 0.2, equat ion 5.09 could be w r i t t e n  a s  

follows t 

Although Davis recommmded t h a t  q should be between 0.05 and 

0.15, the d a t a  were comgared wi th  equat ion 5.Wb on Figure 5-6, 

It ap3ears  from Fizure 5-6 t h a t  a diameter co r rec t ion  would 

bring t h e  da t a  i n  l i n e .  
for h e a t  t r a n s f e r  t o  the i n s i d e  wall involves  jDr\o*15 , it i s  

decided t o  a ? p l y  a co r rec t ion  o f : 2  

t ransfer  t o  t he  outer wal l .  

Since t h e  Davis equat ion (Eq. 5.08) 

Dl 1 

t o  t h e  d a t a  f o r  h e a t  
\ D2 r*lS 

Figure 5-7 shoms t h e  da t a  compared 

wi th  t h e  equation .. 
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It would appaar t h a t ,  f o r  the case o f  cooling m t e r  through the  Gut- 

side surface of an annulus,  Squations 5.0% and 5.08b give t h e  b a s t  

agreement with the da ta  of Van Illinkla ami Ascoli. Since the  Dittus-Booltor 

typo of equation is oasicr  t o  us3 than the Davis typo of equation, it i s  

recommended t h a t  equation 5.0% be used f o r  this case. 

Following is a list of a ? d i t i o n a l  r e p r t s  which conta in  smal l  amounts 

of i n f o r m a t i m  on the  case of he3t ing  watur  in turbulent flow from the  

i n s i d e  wa l l  of an annulus: 

a b  Brown, G c i L 9  Cabell ,  C.D,, CE-2434, JJiTl3ry 20, 1945 

Re c mnends D i t  tus -3 au l ter  t jrpe i,f oquat ion 

b)  Lurson, R,E., Saulinslri, h 1 r  J., 52-2524, Decombdr .239 1944. 
0.8- 

h lSO(1 I- 0 . 3 1 1 t ~ l ) ! ! ! !  
' 1'0.2 

1 %  ; 

c)  Cooper, C.M. (W.K. Yiooils, R.3 .  Lyon), CIS-1689, April 30, 1944 

hD i"D, G '. 
. !k: L 0.0196 

\, ' 
d)  Cooper, C.M. (C*?. Cabell e t  a l ) ,  

e)  Cooper, C.M. ( ( 2 2 .  Caba l l  e t  nl), 

CS-1339, Januwy 31, 1944 

44-CN-1327 , Fabruary 5, 1944 

-21- 
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g) Cooper, C * l L  (C.P. Cabell e t  a l ) ,  CE-1184, January 1, 1944 

(v t )  0.8 

(De') 0.2 
h; 102(1 + O,Ollt> - 

h) Cooper, C,M, (C,P, Cabell e t  a l ) ,  CE-1122, Novernbar 30, 1943 

i) 

j) 

Cooper, C.M. (Cabell et a l )  CE-898, August 28, 1943 

Gishler, P.E., Boyer, T.W., CKX-286, August 23, 1944 

k) Leverett,  1tA.C. (Van I i n k l e ,  Ascol i ) ,  MonN-291, Nov.mber 14, 1946 
VI \  0.84 

h = 120(1 + 0.312t) ("f') '- J.16 

1) 

m) Cooper, G.H.  (Cabell), Memo 114, August 7, 1943 

n) 

Cooper, C.14. (Cabell), Ihy311; L15$- August 14, 1943 

Leverett,  I\4,Ce, Huffrnnn, J.R.,  MonN-108, 2hy 15, 1946 

0 )  Cooper, C.M., (Cabell), Memo lo?, July 31, 1943 

p )  Cambron, A,, M2X-l4., Idarch 22, 1946 

In order t o  show the wide var ie ty  of recomnendations, a l l  of the 
,O.$ I 

.-, (vr i equations can bo put in t h o  form: 
I e :  

-22 - 
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The Dittus-Boelter type of equation may be wr i t t en  a s  followsr 

The cornparison of values of >%for d i f fe ren t  temperatures is shown 

on Figure 5-8, 

references b(which corresgonds t o  a rocomendation by McAdams f o r  circultir 

tubes27) c y  d,  f ,  g, h, j ,  and n. 

previous recommendation t o  use the Dittus-Boalter tyne of equation, but 

it is included for  tha  purpose of g iv ing  a roprusent,:tion of the con t r i -  

bution of other expr imen te r s .  

disagreement between t h e i r  rueommendations on scuount of' i n s u f f i c i e n t  

data and information on thc ap3arstus and techniques used by the 

experimenters. 

Included i n  the  comparison are recommendations from 

This comparison does n o t  a l t e r  the 

No e f f a r t  can be mad3 t o  explain the 

- 
-23- 
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Laminar Flow 

tfsing D2 of 1 3/8 inc atld 2 in .  i n  combination with D1 of 3/4  Sn. 

and 1 in , ,  Chen, Hawkids, and Solbarg2Ef efaminod heat ing  and cooling of 

wa'tar i n  laminar flow i n  ah annulus, 

108; 6745, an d 54; and 

ternoratwe diffarencoo m r a  used t o  ca ldu la t e  heat  tx'adsfer coeffiEfehts.  

The fol3owing equation was recommended a s  the  bcs t  cor re l a t ion  f o r  the 

conditions sthdiod, with an overage devid t ibn  of 

The &+ r a t i o s  employed wsre 173r8, 
De 

ranged from 400 t o  2,000, Arithmetic mean 
CL 

666% 

Carpenter? Colburn, an1 3choenborn16 inves t iga ted  h ~ a t  t r a n s f e r  t o  

water i n  laminar f low with Reynolds numbers as low as  150 i n  a system 

having 2 = 1,334 and 4 2 460. 

flow data  was obtained by using f i l m  p ro2e r t i c s  and including the  a f f e c t  

of f r e e  convection , a s  shown i n  the  following equation: 

The bes t  co r re l a t ion  of t h o  larrLnar 
De D1 

8 

The s p h o l  @ - r e p r e s e n t s  t h e  f r ce  convection a f f e c t  and i s  defined 

8 as fo l lows:  

-25- 



The d i f f i c u l t i e s  involved i n  using dquation 5.21 l i m i t  i ts  >rac t i ca l  

It i s  based on apglication; consequently, another equation was examined. 

the work of Nor r i s  and 5 t ~ e j . d ~ ~ ~  and the v iscos i ty  correction ?resented 

by Sieder and Tate18, 

the equation i s  a s  f o l l o w :  

Including modifications made by the experimenters, 

Equation 5.22 can a l so  be writ ten a s  follows: 

(Eq. 5,22b) 

This equation i s  almost ident ica l  with an equatron f o r  streamline f low 

i n  c i rcu lar  tubes 18,27 

In  a discussion17 comparing t h e  axperimonts of Chen e t  3 1  and 

Carpenter e t  a l ,  it i s  7ointed out t h a t  recormendad equations ’vere not 

based on the same type of temdarature difference.  

gave a good discussion of t:ie choice of t e m p r a t u r e  difference.)  

appears t h a t  Chen et a 1  :xed tht. arithrrietic Rean tmpera ture  difference 

and Carpenter e t  a 1  used thit logarithmic incm temmraturc differonce,  

The data  of Carpmter  e t  aL, wl-m :>lotted on the 3923 bssis a s  the work 

of Chen e t  a l ,  gava good a g e e m s t  for Xe_\500 but f e l l  about 40% low 

a t  Re’=200, 

29 (Norris and Streid 

It 

;hen data of Chen e t  a 1  w r e  ?lot ted on a basis  of the 
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logarithmic mean temperature d i f fe ronce ,  agreenisnt with Carpenter e t  a1 

is good f o r  the  smallsr  annuli  mhere n a t u r a l  convoction e f f e c t s  a r e  

rnininrlaed, 

Davis 6 recorrmended an equation of t h e  following form f o r  laminar 

flow heat t r ans fo r :  

The exponcnts have no t  boen e s t ab l i shed ,  howevsr, and t h i s  dquation has  

l i t t l e  value f o r  t h e  present discussion. 

In  t h e  survey of work lone i n  p ro jec t  l nborz to r i e s ,  th2  only !-2ata 

on hcat t r a n s f e r  t o  m t e r  i n  s t r o m l i n e  f1o.j; i n  an annulus tvere found 

i n  a report  of ;vQrk by Kratz, Baeth, and Christ24, 

are  meager a n i  s i n c e  the  m n u l i  cxamincd are  small enough t o  minimize 

the  e f f e c t  of n a t u r a l  convection ( D e ' =  0.189 i n ,  and De'= 1.65 in.)  

it i s  decided t o  conpnre the  da t a  with Equoc,im 5,2223 as shown on 

Figure 5-9. The v i s c o s i t y  cor rec t ion  apoears t o  spreac! t h e  da ta  f o r  one 

s e t  of runs, so it i s  docidcd t o  use m o t h e r  cquLtion racommended f e r  

circular t~bes2793~, with I), subs t i t u t ed  f e r  D: 

S i n w  the d3ta 

Comparison of t h e  C1at:l i s  shown on Figure 5-10 2n;Z it is seen 

t h a t  agreement bctwet;-n the da ta  and l w c ? i c t i m s  i s  s l i g h t l y  b e t t e r  f o r  

Equation 5.24 than  fo r  Zquation 5.22b, 





i s  b e s t  t o  c o r r e l a t e  da ta  f o r  an annulus. 

and Schoenborn ind ica t ed  t h a t  e should be used, NtverCheless, it is  

decided t o  examine the  da ta  of Kratz, Rnath, and Chr i s t  rvith respec t  t o  

The work of Cmpenter,  Colburn, 

t he  two equations which fo l lon r  

(3q. 5.25) 

The data ace shown compare2 with these equations on Figures 5-11 and 5-12. 

It a p e a r s  t h a t  of the  c o r r e l a t i o n s  attern3tc-1, Equation 5.26 gives 

the b e s t  agreement with the  da ta  of  Kratz, Basth,  and C h r i s t  fo r  heat 

t r a n s f e r  t o  tvator i n  laminar flow i n  an annulus. 

been j u s t i f i e d  t h e o r e t i c a l l y  and it is clear  t h a t  e i t h e r  of t h e  o ther  

t h r e e  equations t r i o d  could be made t o  f i t  the data as well a s  

Equrition 5.26 has n o t  

Equation 5.26 by a l t e r i n g  the cons tan t  coe f f i c i en t .  It is suspected 

t h a t  t h e  spread c rea t e4  i n  one s e t  of po in t s  by ayplylng thrj v i s c o s i t y  

co r rec t ion  may be a r e s u l t  of l o c a l  boiling, but c s l cu la t ions  f ron  the 

da ta  do not  ve r i fy  t h i s  sumic ion .  In t h c  s u t  of runs which exh ib i t  

t h i s  spread, 

950 t o  2320. 

Reynolds numbers ranged from 835 t o  1860, 

L = 12*1,.-- D2 1.12, and Reyxolts nunbers rangad i ron  
D1 

In  t h e  othcr set  of rum L- - 21.8, - D2 = 1.13, and 
D1 ’ Bo - - 

- 2 Y -  
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I n  view of tho peculiar spread resulting from t h e  viscosity correction 
L - r a t i o s  which may h a w  .;rduced:curious and 
De 

and the very short 

effects ,  these data  are  not considered t o  be useful in establishing the 

va l id i ty  of 8 correlatiofi f o r  t h i s  case. 



Effect o f  Ribs i n  Annulus 

Kratz, Schlegel, and Christ3I described haat t ransfer  experiments f o r  

determining the e f f e c t  of r i b s  i n  an annulus. 

consisted of a brass  heat2r tube surrounded by a four-ribbed aluminum 

tube. 

and heat was removed by passing water through the annulus Setweon the 

brass tube an3 the ribSed aluminum tube, The ribbed tube and the  brass  

tube were e l e c t r i c a l l y  insulated from each other by a coat of g l p t a l  r e s in  

paint  on the inside of the ribbe? tubs. 

bake l i te  except f o r  four  tiiermocou3le lead channels next t o  t h e  inner 

surface of the brass  tube. 

the heater tube could be rotated so  a s  t o  permit a complete angular 

t raverse  by the thermocouples while %he ribbed tube remaineJ stationary.  

Data which were taken included mean water tenperaturc, haat flux, and 

heater tube wall. temperature a t  various locat ions with respect  t o  the 

r ibs .  

wall  temperature t raverse  with water veloci ty  of 25.9 ft./sec., 

flux of about 126,000 Btu/hr. ft. , and bulk water temperature of 42.8 9. 

Other runs having the same conditions vnriod about - + 13% frcm the curve 

shown. The dotted l i ne  shown on Figure 5-13 is o5tclined by neglecting 

r i b s  and assuming t h a t  the Dittus-Boelter type equation9 (Eq. S;03d) 

holds. 

could be used, i n  combination with the flux, t o  calculete  the Sifference 

between the avenge  water temperature and the average tenperatwe of the 

surface. 

The apparatus essen t i a l ly  

The brass  tube was heated by passing an e l e c t r i c  currmt through it, 

Tha brass tube was f i l l e d  with 

Tha sp2aratus was b u i l t  i n  such a manner t h a t  

Figure 5-13 is an average s e t  o f  expr imenta l  da t a  f o r  the tube 

2 

This permitted evaluation of a heat t r ans fe r  coef f ic ien t  which 

A s t r i c t  analysis of the probleln i s  conplicated by the f a c t  - 
-32 - 
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t h a t  the r i b s  altc-r t h e  veloci ty  d i s t r i b u t i o n  and turbulcnct. l eve l  i n  

the stream, and Reynolds number would be s t r i c t l y  a function of location. 

It a l s o  follows t h a t  average bulk tenperature may depart consi3erably 

from temperature i n  t h s  immediate v i c i n i t y  of ribs. 

A small amount of work on t h i s  subject W ~ S  rmorteml by C2bel1, 

Dunbar an4 Haagd2.  
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- Effect  of  Eccentr ic i tv  

rJViegan.3 and Baker' referred t o  t he  work of C a l ? ~ a e l l ~ ~  on pressure 

drop i n  an off-center annulus, but no references werz found on the e f f ec t  

of occentr ic i ty  on heat t ransfer  i n  off-the-project r e p x t s .  

On the project,  hozever, Kratz, Zeterson, and ~choge134 have 

reported extensive experiments on slug temperature i n  an of f -cmter  

annulus. Two thermocouples vrere mounte.1 i n  opposite s ides  of the slug 

beneath the slug surf3cu, a d  the s h g  m s  covere 1 vvith an unbonded 

aluminum jackat. 

the slug was moved off-center, they f e l l  on thc: s'tmo rariius with the 

The thermocoudes were orfcntel. i n  such a wav thrit, tis 

points  on the  s lug jacket which wert? nearest  an1 f a r thes t  from thc outer 

wal l  of the annulus, Heat was supplied Sy a graphite eloctrcde passing 

through a hole in t hz  center of the slug, and cooling was accomplished 

by passing water i n  t5a nnnulus m?Gle by the slug jacket (1.440 i n ,  O.D,) 

and an outer tube (1,625 i n ,  I n Z . } &  

using two bulk water tenperatures * 129' F. (54O C.) an3 358' F, (70° C.); 

power l eve l s  of  approximately 12,560 Btu/hr. (900 cztl./sec.) I 20,000 

Btu/hr, (1400 cal./sec,), and 27,200 Rtu/hr, (1900 cnl./sec,); 3n-l 

average water ve loc i t i e s  of 15.7 ft,/sec. (480 cm./sC?c.), 22.3 ft./sec. 

(670 cm./sec.), an-? 29.8 f t , / sac .  (910 cm./sec.). 

by Kratz, Peterson, m r l  Schlegel ,  figurds were i n c l u h ?  t o  show the 

var ia t ion  of measured slug surface tempar3tu.m v i t h  vclocitg whila the 

Zxperinental runs were performed 

In  thc or ig ina l  r o m r t  

slug ~ 3 s  i n  contact posi t ion an? tho power level was constmt.  

f igures  showed the  vari2tion Qf slug surface tempwxture with l e g e e  of 

Other 

eccent r ic i ty ,  whilc  velocity,  bulk tenpcraturo, ,in 1 power leve l  were 

held constant. One par t i cu la r ly  in te rzs t ing  r e s u l t  of t h e i r  experiments 



is t h a t  the slug temperature measured on the si3e f a r t h e s t  from the outer 

wall increased a s  the  slug s2proached cantact position. Possible 

explanations f o r  t h i s  a f f ec t  a r e  offers81 by the experimenters, and, 

ra ther  than t o  repeat them here, thc rea:ler i s  referred t o  t h e i r  * . 3  

r e p o r t ~ ~ 4 . r ~ ~ .  In addition to t h e  explanstions offered by tho experi- 

menters, it is suggested t h a t  the e f fec t ive  he3t cxchange area i s  rcduced 

i n  the contact posi+,ion o r  t h a t  the wsti.r i n  the v i c in i ty  of  the l ine 

of contact mag be i n  lnminar flom, increasing the  thormol resis tance.  

The case is d i f f i c u l t  t o  ::nalp,e., since vcloci ty  3is t r iSut i .m and 

temperature d i s t r ibu t ion  i n  the s t r e m  h a w  not Sean explorod and the 

ac tua l  slug jncket surface temperature N ~ S  n u t  neasured, 

‘I 

These comments 

are not inten4ed a s  c r i t i c i s n s  of t h s  work, f o r  seoningly, t he  e-eri- 

mentors d id  an excel lent  job of accomplishing t h e  objectives which they 

had i n  mind, It is clear,  however, t h a t  t h e  work does not lend i t s e l f  

t o  application on hza t  t ransfer  dosign 2roblems except f o r  estimating 

orders of magnitude of the e f f e c t  of eccentr ic i ty .  

~ u r r a y 3 ~  t r e a t e l  matlimntically this case of sccent r ic i ty ,  and 

estimsted the maximum aurface tcrqerature  of  a slug displaced frm the 

center of a tube, 
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PART 6 

HEAT TWSFEII TO FLUIDS IN TURSUUNT FLOY YITHIN 
CHANNELS HAVING L O W  LENGTH TO DIAMETiGl UTI0 

In general ,  t h e  widely used heat  t r a n s f e r  c o r r e l a t i o n s  f o r  t u rbu len t  

flow are  based on d a t a  taken  i n  systems having l eng th  t o  diameter  r a t i o s  

of t h e  order  of 50 or  greater. 

a r e  known t o  give h igher  hea t  t r a n s f e r  c o e f f i c i e n t s ,  b u t  no c o r r e l a t i o n s  

f o r  t h e  case have been well e s t ab l i shed .  He?% t r 2 n s f e r  i n  c i r c u l a r  t u b e s  

and rec tangular  channels  i s  considered i n  %lid f o l l o a i n g  p ~ a g r a p h s ,  with 

s p e c i a l  r e f e rence  t o  t h e  e f f e c t  of  low L/D r a t i o s ,  

Systems employing small values of L/D 

Work of Krsta ,  Raeth, snd Christ '92 included the case  of heat ing  

water  i n  tu rbu len t  flow f o r  c i r c u l a r  t ubes  having L/D r a t i o s  a s  low a s  

4. 

no e f f e c t  of t he  I, but  r a t i o s  t k y 7  enployed were between 32 and 224+ 

A r e c e n t  a r t i c l e  by Ckole t tc  

i n g  about t h e  effect of  - and showed e r p n i m a n t a l  ovidence which lends  

i t s e l f  t o  use i n  e s t a b l i s h i n g  new Gqustions for t h e  low 5 range. 

experiments were made using a i r  f l o v i n g  i n s i d e  steam-heated tubas.  The 

steam j acke t  was compartmantnlised so a s  t o  2erni.t de te rmina t ion  of 

l o c a l  hea t  t r a n s f e r  coefficients which mere civerage values over a l eng th  

of about t e n  diameters .  

t h e  t r a n s i t i o n  reg ion ,  and t h e  t u r b u l i n t  reg ion ,  but,  s ince  the d a t a  

of Kratz,  Raeth and Christ1j2 wore a l l  i n  t h e  t u r b u l e n t  region,  t h e  

present  d i scuss ion  w i l l  be l imi t ed  t o  th\: t u r b u l e n t  r eg ion  alone, 

McAdams3 mentioned s t u d i e s  or" Lmrcnce and Shemvood 4 which i nd ica t ed  

Is' 
5 prcsented  an exce l l en t  review of t h e  think-  

L 
D 

L 
H i s  

D a h  of Cholef te  inciuded t h e  laminar reg ion ,  



For systeins employing Re>8000 and L/D 4.63, the equat ions recommended 

by C h o l e t b  foh hea t ing  a i r  are a s  fol lows:  

or 

(Eq. 6.01) 

(Eq. 6.02) 

For 1 6 3 ,  Chole t te  recommended t h e  f o l l o n i n g  equation f o r  heat ing 5 
a i r :  

-G.2 
! 3G'(  hL - 0.0265 \- - ,P 1 CG 

It i s  soen t h a t  if % f o r  a i r  i s  assumed t o  ?E 0.74 and t k  Nusselt  
rb 

number is assumed t o  be a funcfuion of '% , the  aquat ions of Cholot te  ( k T O 4  

may be wr i t t en  a s  follows: 

and 

For all p r a c t i c a l  Furposes, Equation 6.03n i s  t h s  same as t h  Dittus- 

Boel te r  tyDe of equat ion descr ibed i n  P a r t  5 of +,ho rijgort, and t h e  work 

lends  support  t o  t h e  observst ions of Lsmenco and Shsrwood f o r  

order of  50 and l a r g e r .  

of t h e  D' 

In  t h e  experiments by Cholot te ,  3oynolds nwnbors batwem 678 and 

18,250 vmre explored f o r  r a t i o s  from,10.5 t o  63 i n  increments of 10.5. 
D 



For hea t ing  water,  Chr i s t2  used an 3 of 8.04 f o r  t h ree  d i f f w o n t  

groups of runs a s  shown below: 

G r s  Avo. , Ja  t(;?r Temp. OF. cange of iic - 
1 64 58700 - 104200 

2 105 93700 - 172600 

3 159 156500 - 2~8500  

Kratz, Raoth, and Chr is t  1 invzstigat1;d the systems ind ica ted  below; 

0 
R s ?   of Re dve. Y?atsr Tern. Rsngc, F, UQ astern 

1 32 e 8  9000 - 39800 59-72 

2 9.13 15200 - 29100 69-77 

3 5.12 4.000 - 23200 49-54 

4 3.97 7300 .. 12400 42-52 
1,: 

As 8 preliminary attemnt t o  correl . i te .the data  of Kratz,  Rseth, and Christ 

t h e  Dittus-Boeltor typs of equation is used as shown on Figure 6-1. A11 

tho da ta  a re  seen t o  f a l l  above t h s  Dittus-Boelter type of equation, 

supgorting previous Gvidence t h a t  low L/D r e s u l t s  i n  incroasod h e a t  

t r ans fe r  coeff ic ients .  

L For t h e  run having - 
D 

Boeltar t y p e  of equation is d i f f i c u l t  t o  explain.  

enough t h a t  t ho  da ta  would 5 e  a q e c t e d  t o  f e l l  much closer  t o  the  equation, 

32.8, t h e  g m a t  d n i a t i o n  from t ha  Dittus- 

This is large E 

It a l s o  a,’peaps t h a t  the data f o r  t h i s  system indicate an influence of 

ra ther  than Reoe8, The repor t  does n o t  contoin suf f tc ien t  

information t o  permit f u r t h e r  study of the  doviations,  so  t h e  d a t a  of the 

system having - = 32.8 cannot be consldcred a s  s i g n i f i c a n t  n i thout  

add i t iona l  da t a  t o  confirm t h i s  unusual effect.  

L 
D 

It is suspected t h a t  

-3- 
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e r r o r s  occurred i n  evaluating the  teinperatwe change i n  thc? water or the 

temperature difference bctween the mater and tile tubu mal l ,  sincr: the 

0.8 other data takon by the  same obsurvers confirm thlc influsncc- of' Re 

and since e f f e c t  of temperatme di1"ferenco.s would become more pronounced 

i n  the  longer tube. 

In  determining the  13ffect of low ' on t h s  heat t ransfer ,  a 
L can be plot ted agatnst 5 , Tine avorage value of HU 

-)c =' zOb8.pro'c 
)& i s  determined from Figure 6-1 by extending a l i ne  of slope 0.9 through 

each set of points  i n  order t o  g e t  i ts  intercept with a gzven ol'dinate; 

i.e,, Re = 10 . 
g e t F ,  A p lo t  of 

indicates  t h a t  f o r  hos t ing  xstor i n  systems having an L/D r a t i o  between 

5 Then the  intarcept  i s  d iv ided  by Reoo8 i n  order t o  

vs. 8 is  shown on Figure 6-2 and t h i s  p l o t  

4 and 9, 

The data of Kratz, Raeth, and Christ'" mi? shorn on Figure 6-3 a s  com,pored 

with Equation 6.04. The agrsemont with t h i s  equation i s  in tores t ing  but 

caut io3 must bo used i n  applying it unt i l  more datrr a rc  obtained in this 

region, 

If one assumes t h e t  Xquation 6.04 i s  f a i r  dm?i r icd  approximation 

for &lo, it i s  seen t h a t  tho  equation does qual i fy  i n  one point 

L theorebically - the heat trnnsfur coaf f ic icn t  incraases great ly  a s  - 
D 

approaches zero. 

a bas i s  f o r  predicting the e f foc t  of I, betwcm 10 and 60, 

For the present,  t h c  work of Cholctta' i s  sugps ted  a s  

3 

- 5-  
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Studies on hea t  t r a n s f e r  t o  helium i n  turbulen t  flow between p a r a l l d l  
6 p la t e s  have b u m  presented by R. N. Lyon 

heated, lit3 in.  t h i c k  graphite,  3 5/8 i n .  long, and separated o t  the  

edges by 1/8 in, t h i c k  t r z n s i t e  spacers. 

so a s  t o  permit the assembly of p a r a l l e l  p l s t e s  i n t o  a 3 5/d i n .  diamuter 

hole which necked down t o  3 i / 4  i n .  d i m e t o r  a t  ooch end of t h e  assembly, 

I n  t he  first s e r i e s  of runs, t h c  odgcs of She k i t e s  'vest, square and t h e  

entrance and o x i t  ducts t o  tlia t e s t  zsscnbly wen: given a 30' t aye r  from 

3 1/4 in. down t o  2 i n .  diameter, 

with a s t r q i g h t  3 l/4 i n ,  diameter entTance cnr? ex i t  sec t ion .  

and f o u r t h  s e r i e s  of runs were nndc by tapor in3  L,hs2 w x t r e m  and down- 

stroam edges of each &?tx * d $ h  a 30 

t r a n s f e r  c o a f f i c i c n t s  i n  khc ctssembly were c d c u l a t e d  on tho b a s i s  of 

(I) t o t a l  heat t r a n s f e r  r a t e  i n  the asscmbfy, (2) t o t a l  e f f e c t i v e  area of 

p l a t e s  p a r a l l e l  t o  the d i r e c t i o n  of gas flow, and (3) t ho  average d i f fa renc  

i n  temperaturs betwoon the  graphite surface tumpratix-e i n  thc: middle of 

the  assembly and the  a r i thmet ic  mean of the t e r m i n a l t u m p c r 9 a r o s  of tho 

gas, 

report, The expression ha,, refers t o  the  a v o m y  heat t r ans fe r  

c o e f f i c i e n t  es definod -&ovc. The D ftus-Boelter ty2e of equation 

(see P a r t  5) was used t o  c a l c u l a t e  kHeory, with the ut38 of the, 

equivalent hydraulic d i a m c t a  a s  DC 

Tho p l a t o s  xere e l s c t r i c a l l y  

Widths of  the p l a t e s  var ied  

Thtt., seCOi1d seriss of runs was made 

Tho t h i r d  

0 included m g l o .  Average hea t  

The results a r e  brisfl-y summnrizod below, 3s taken from t h e  o r i g i n a l  

* 



Sumtary of R e s u l t s  

Series 1 2 3 4 
P l a t e s  tapered  No No Yi?s Yes 
Chdnnel c o n s t r i c t e d  Yes No NO NO 

have/%, he ory 1.13 1.19 1.03 1.03 

The r e p o r t  by Lyon included d a t a  p l o t t e d  as heat  t r a n s f e r  coef- 

f i c i e n t  VS. mass v e l o c i t y  f o r  t h r e e  l o c a t i o n s  i n  the assembly, Gas r a t e s  

ranged from 0.53 t o  2.02 lb,/sac., corrGspondirig 50 3 maximum v e l o c i t y  

of about 735 ft./sec. 

1300 Btu/hr.ft.2 OF, were reported. 

Heat t r a n s f e r  c o e f f i c i m t s  of t h e  order of 

Each channel i n  tht: sssenbly had a hcl",ttld l e n ~ t h ~ l L , , 5 .  It is  of 
equivqlont  di  m u t a r  

in te res t  to note  t h a t  t h e  Aquation 4.01a i n d i c a t e s  h a t  ,L 
D 

about 15% grea te r  than  h a t  Since t h e  Dit tus-Boel ter  f,yx of 

equat ion  is  assumed t o  be v a l i d  a t  ; 2 6 0 ,  t he  da ta  of s e r i e s  1 snd 2 

15 t o  bo 

- 60. i s -  

appear t o  support the approximation f o r  ' effect ,  

t h a t  t i p r i n g  the  p l a t e s  should influence thc; entrance e f f e c t  and it i s  

1% seems reasonable 5 

noted t h a t  fo r  series 3 and Lk t h e  da ta  f a l l  closer t o  tilo Dit tus-Boel ter  

(Cholette a *  type of equat ion than  the  d c t a  of  Chole t to  a t  %he same 

used e, c y l i n d r i c i l  tube  with :: bell-shogod m t r n n c e  having s t r a igh ten ing  

vanes t o  in t roduce  n i r  t o  a bundle of p a r a l l e l  tubes.) This e f f e c t  of 

t a p e r i n g  the p l a t e s  i s  bel ieved t o  be ;3 r e s u l t  of reduced l%urbulence 

level" as discussgd 13tm i n  t h i s  s e c t i o n  of t h e  re;3orte 

Influence of lead ing  edge s h n e s  on hant t r ans fe r  t o  a i r  m s  

explored by Psrekh 7 f o r  thme odgc s'n?peS a d  s e v w d  angles  of a t t ack .  

His d a t a  confirmed the  observat ions of Lyon i n  t h a t ,  a t  zero angle  of 

a t t ack ,  b l u n t  edges resu l ted  i n  highor  coe f f i c i en t s  tlic+n t q c r e d  edges, - 
-9- 



Parekh a l s o  invcs t lga t ed  the  heat  t r a n s f e r  t o  a s ing le  p l a t e  and t h e  

e f f e c t  ef placing s i m i l a r  p l a t e s  p m a l l u l  an6 close t o  it. He errployed 

a very i n t e r e s t i n g  cxnerimental  teChniqUG involving Usteadir  st3td heat  

t r a n s f e r  from n hot  body t o  th.: coolant ,  and re ference  t o  h i s  pauer 

i s  recommended f o r  anyone who m:,y 50 Iilsnning t o  do work of a s imi l a r  

nature.  

Joyner8 presented da ta  which show th - : t  c o e f f i c i e n t s  a ra  as  mueh a s  

loo$ g r e a t e r  i n  systems employing short- length st,iggored sur f  aces  than 

i n  systcms h3ving the  same hG:nt t r t ins f tx  area and h y d r m l i c  diameter 

bu t  g rea t e r  length.  

McAciams9 r q o r t e d  experimental  da ta  taken by v a i o u s  observers  i n  

rec tangular  chan:iels, b u t  no d-.,tn h?uvo b , m  locatsd which a3pe.w t o  be 

appl icable  f o r  c o q a r i s o n  d t h  the d a t a  of Ljwn. 

ewlored heat  t r e n s f e r  t o  a i r  in v3rious chinnols ,  inc luding  one which 

was 1/8 i n .  t h i c k  2nd 5 in. wide. 

agrement, w i t &  the Dittus-Boelter ty?c of ayuntion i n  which De is 

Substi-uAeiI for  D, cnd the  da ta  a re  i n  ayeoixon-t iyith observat ions of 

hea t  t r a n s f e r  t o  a i r  i n  turbulenC, floi ,~.  x i t h i n  cylindrical tubes. 

Jnshington and Markslo 

The r a t i o  was 197, r e s u l t i n g  i n  G 

Data of  Gr2on an3 King’’ a l s o  conf im t h e  o%sorvntions of 

Wzshington and. h r k s  an3 the Dittus-Boal ter  t p e  of q u s t i o n  f o r  

c i r c u l s r  tubes.  

channels: c y l i n d r i c a l  t u b s ,  flcit toned t ~ k w s ,  2nd f l y t t d n e d  tubes  which 

were dimIjled, 

came toge ther  f o r  t h e  c i r c u l a r  m i  f l 3 t t j n e d  t-abes, xzd tha  da ta  for the 

dimplod tube ind ica t ad  somo:Jhat higher herit t r a n s f e r  coe f f i c i en t s .  Here 

again the  D was too  g r c o t  t o  mka  the da t a  useful i n  determining t h e  

Thei r  wmr i r i e r l t s  v e x  ?c r fomad in three types of 

The da ta  f o r  hGnting a i r  i n  I t f i n i t e1 ; j  turbulent, f low 

L - 
-10- 



L effect  of 5, but the fact t h a t  t h e  c o e f f i c i e n t s  f o r  t h e  dimpled tubs wore 

h ighsr  t han  f o r  t h e  f l a t t t m o d  and c i r c u l a r  tubos m y  be s i g n i f i c a n t  i n  

developing t h e  %urbulonce l e v e l a  which i s  discussed l a t e r  i n  t h i s  

s e c t i o n  of the r e o o r t ,  

Figure 6-4 sumnsriaes t h e  obsorv2t ions Inado hem regard ing  t h c  

e f f e c t  of L/D on hea t  t r a n s f e r .  Tho l i n e s  on Figure 6-4 a r e  no t  con- 

s ide red  t o  be accura te ,  due t o  thd mengur supply of data on which they 

a r e  based, bu t  they nay servii. 3s  an amroximat ion  u n t i l  such t ine 3 s  t h e  

effect  is expaored more careful1.y. 
L The e f f a c t  of Tj r a t i o s  on h e a t  t rmsfer i s  d i f f i c u l t  t o  descr iSe  

mathematically,  p R r t i c u l a r l y  f o r  t u r b u l e n t  systems, 

an a n a l y t i c a l  t rea tment  f o r  f o u r  cases  of t u rbu len t  f low as noted belom: 

Latzko12 presented 

R l .  Fully doveloued h;;Jcirodpanic m r i  thermal  fit31ds.r 

This condi t ion  i s  S t t n i n e l  $?ahen t h e  f luict  has ?assod through 

The u n i t  tharntl l  con- a cons iderablo  p o r t i o n  of the tuba length .  

vective conductance i s  constmt---------ll. 

The equat ion  Latzko recomendod f c r  t h i s  case is  

(dq. 6.05) 

seen 

hrzin 

When one compares t h i s  equzt ion with t h e  d a t a  of Chole t te ,  it i s  

t h a t ,  f o r  & >10 a t  i2e 
D - 28.4 and t h e  d a t a  y i e l d  i: corresponding v d u e  of npproximately 29.5. 

"2. Fully developed hydrodynamic f low f i e l d ,  tarnparatwe uniform 

a t  ent rance  s e c t i o n  which i s  maintained a t  the  o r ig in31  f l u i d  

temperatux by suitsblc heat ing.  - The unit thermal  convective 

conductance i s  deaendent upon the  l o c a t i o n  i n  t h e  tubz,  f a l l s  v e ~ y  

lo4 ,  Equation 6.95 gives  a vslue of 

L 

-11- 



m
cuss D

IED
 

D
raw

ing # 6753 

-12- 
TJXCLIISSIFIED Y 0

 
Y

 



quickly  from i t 9  m a x i m  value? and c synp to t ika l ly  clp?ronchl;s a 

cons tan t  minimw value. 

Latako presented an oquatioh f o r  t h i s  c&e and i t  has a l s o  boen 
15,15 and Young U9 16 explored by Sanders13, fverson 

d3. Uniform v e l o c i t y  and tmpcra turc .  c i i s t r ibu t ions  ac ross  

t h e  sec t ion  a t  entrance.  - Tha u n i t  thermal  convoctiva conductance 

is l ikewise dependent u?on LLc: l o c a t i o n  i n  thi: tube,  but f a l l s  t o  

a minimum vhlue 'nore slovrly.'( 

Boal t s r ,  i l a r t i n c l l i ,  e t  a l l 7 ?  prosc?nted a 3iscuss ion  of t he  

mechanism a t  an entrance by clrming XI analogy between t r a n s i t i o n  

from laminar t o  tu rbu len t  boundcry lsyzrs i n  d u c t s  and the 

t r a n s i t i o n  along a s ing le  f l a t  d a t e .  

414. Tbe app l i ca t ion  of boa% begins  a t  1 s e c t i o n  somevhdre i n  

t h e  middle of t he  calming length,"  

f o r  combining t h e  equat ions i n  cases  2 and 3 t o  fora an tcmvelope a s  

shovtn on Figure 6-5. 

and 3 (h2 and h3, r e spec t ive ly )  are p l o t t e d  OD t,ho same coordin2tc.s 

but h2 i s  d isp laced  b y & ,  t h z  3is-tsncc betwean t h o  entrance and 

t h e  baginni.ng df heat ing,  

t h e  heated length ,  t he  coe f f i c i en t  will be very high and w i l l  &OD 

r a g i d l y  a s  i n  case 2. However, the  hydrodynamic f i e l d  i s  not  f u l l y  

e s t ab l i shed  and t h e  coe f f i c i en t  h4 ~€13, be higher  than  i s  ind ica t ed  

by t h e  h2 curve. 

es t imated by d i m l - c i n g  tha h3 curve by A, and i n d i c a t i n g  t h e  

values f o r  c o e f f i c i e n t  which r e su l t  if heat ing  begins  a t  t h e  

entrance.  

This  case p o s o n t e 3  the  need 

The heat t r a n s f e r  c o a f f i c i d n t s  f o r  C ~ S O S  2 

It i s  seen +,hat, a t  t h e  beginning of 

The amour& b:J which h4 i s  higher  than  h2 ma7 be 

T'nen t h e  enveloge noted a s  hL r e w e s o n t s  conservat ive 
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estimates f o r  the coef f ic ien ts  i n  a system described by Latzko as 

case 4.: 

It is believed t h a t  another fac tor  of p rac t i ca l  significance is  tha 

turbulence level a t  the entrance section. Latzko dea l t  with the f u l l y  

developed hydrodynamic flow f i e l d  and the uniform veloci ty  f i e l d  but 

perhaps the fundament&l questions are:  

1. What is the  leve l  of twbulence a t  the entranca section 

compared with the turbulencc level  a f t e r  the hydrodynamic 

flow f i e l d  i s  estaSlished? 

%at conditions a f f sc t  the change of the twbulence level?  

That i s  the quant i ta t ive e f f ec t  of turbulence level on the 

heat t r ans fe r  cozff ic lent?  

2, 

3. 

Li t t l e  information is available on turbulanca level ,  and these 

questions are  ra i sed  a s  possible subjects f o r  thought and experimental 

work, Comings, ClaDF, snd Taylor18 presented data on t h e  e f f ec t  of 

turbulence l eve l  on heat t ransfer  t o  a i r  flowing normal t o  cylinders i n  

a squara duct. 

Reynolds nmber,  Nusselt numbers could be increased 25% by increasing 

the  turbulence alone. The effect  of turbulence is  a l so  indicated i n  a 

study of gas turbine reganorstor c o r e d 9  i n  which hydraulic diameter and 

heated length were constant, 5ut various Cora configurations were u t i l i zed .  

The r a t i o s  were constant, and the pra-entranca conditions were the 

same, but considerable difference i n  hebt t ransfdr  coef f ic ien ts  resul ted 

Among othar things,  they  reported t h a t  a t  constant 

5 

from different  turbulent  conditions. The same e f f ec t  i s  indicated in 

heat  t ransfer  systems employing f low of l iquids normal t o  single tubes - 
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and tube bundles. Heat t r a n s f e r  c o e f f i c i e n t s  f o r  tube bundles are 

g e n e r a l l y  g r e a t e r  than c o e f f i c i e n t s  f o r  s i n g l e  tubes  and one would e w e c t  

the turbulenc3  love1  t o  vary t h s  same way. 

 YO^@^* prosentcd information on t h e  e f f e c t  of en te r ing  condi t ions  

of the f l u i d  on the hoat  t r a n s f e r  i n  t h e  an t rance  s c c t i o n  of a tube. 

Data of Lyon‘, Parokh?, J o p z r  t? ’, and G r c m  and King’’ mmtioned 

e a r l i e r  i n  t h i s  s a c t i o n  of t h o  r i?oort  a l s o  serve a s  a d d i t i o n a l  svidance 

p o i n t i n g  toward thd imoorCenco of degree of turbulence. 

London2* and ?eables2’ d iscussed  t h e  e f f e c t  af L/?l on h e s t  t r a n s f e r  

and pressure  drop, wi th  p a r t i c u l a r  a t t e n t i o n  being paid t o  very s n a l l  

diameters  and lengths ,  

Addi t iona l  expArinentat ion on h e s t  t r a n s f e r  and nressure drop i n  

s h o r t  t u b e s  i s  being in i t i s t t : d  s t  Masszichusotts I n s t i t u t e  of T e c h n ~ l o g y ~ ~ , ~ ~  

It is expected t h a t  1/32 t o  1/8 i n .  diameter  tubes w i l l  be cm?loyed i n  

systems having L/D from 4 Lo 20. 

Reynolds n m b e r s  w i l l  be inves t iga t ed  i n  tubc  bundles composed of 25 t o  

100 tubes i n  p a r a l l e l .  

Large tonpors tura  drops and smal l  
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A-381  National 'Bureau of Standards, December 3, 1942 
7' 



ORNL 156-7 

Radiation- 

Harrison, 'ii. B., Heat ?ran,sfcF, from Hex, CRL-39, Apri l  14, 1948 

Jcsse, ll. P., (Schlcgel, R.), Report fo r  Month Ending, ihy 25, 
1944, CP-1728, p.30, Ihy  25, 1944 

Resistance and induction heating- 

Brewer, Leo, The Use o f  Laboratory High Frequency Induction 
Furnaces, CT-1010, Scptember 14, 1943 

Bromley, L., High Frequency Induction Heating# CT-3776, Fcbruary 
1, 1947 

Lcvorctt,  iL C., Rcport f o r  Month Zndlng A p r i l  24, 1943, CE-613, 
April 24, 1943 

Phrray, F, E., Induction Heating o f  n Long CylinOrical Core i n  a 
Long Coil ,  CP-1692, Thy 13, 1944 

Flow throach sDhere bcds - 

Amorosi, A,, Gas Cooled Pebble P i les ,  Mem 5 3  Etherington, Oak 
Ridge National Laborntarics, Central Fi l e s  :Joe 47-8-211, 
August 7, 1947 

Bentley, Robert, Johnson, Fred, Xc.uscr, Robert, Heat Transfer i n  
Sphere Beds, CP-3090, NDDC-990, July 4, 1945 

Young, G,, Jupa, E. C., Flfiid Flow and Seat Transfer i n  Sphere 
-9 Beds IEJC-GY-31, April 6, 1945 

Several heat t ra i i s fc r  t o x t s  a r e  noted i n  P a r t  I o f  this report .  For 
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Very l i t t l e  work has been dona i n  p r o j e c t  l abo ra to r i e s  on hea t  

t r a n s f e r  t o  boiling l iqu ids .  

b o i l i n g  presents  many d i f f i c u l t i e s  from the design and operstion stand- 

As a cooling mcchanisrn f o r  a r eac to r ,  

point.  However, s ince  a mwhanism i s  g r e a t l y  needed f o r  maintaining 

high heat  fluxes, boiling is nox a t t r a c t i n g  much a t t a n t i o n  and several  

l abo ra to r i e s  a re  engagad i n  attempts t o  completely define the vazslables 

which cont ra1  tho bo i l ing  mechanism. T h i s  r3art of t he  r epor t  is devoted 

t o  bo i l ing  l i q u i d s  c i r c u l a t e d  by n s t u r a l  convection, 

I n  1937, Drew and Iwel le r l  :)resented an exce l len t  review of t h e  

s t a tus  o f  information on %he var iables  nffectlng hes& t r a n s f e r  r a t e s  

2 t o  bo i l ing  l i qu ids .  Jakob had ? rov iomly  reported a survey of work 

done abroad, and, i n  194.2, !kAdaas3 summarized most of t h e  Jxperirnental 

data which were r;vnil:iblo at that t i n s .  A few a d d i t i o n a l  re fe rences  

may So found i n  a survey by B e i t h  and SurrimsrfieIdlt.. 

The case of b o i l i n g  a liquid c i r c u l a t e d  by n a t u r a l  convection i s  

The curve i n  t h i s  f i g u r e  is  represented qualitatively by Figure 8-1, 

considered t o  be represent3 t ive  when t he  bulk of t h e  l i q u i d  is  a t  o r  

very m a r  t h e  sa tu ra t ion  bo i l ing  poin t  f o r  the  p e v r , i l i n g  pressure,  

sinco it  t3kes  the  :enera1 shape of t h e  da ta  sumnarizec! by McAdams3, 
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5 6 t he  da ta  of Farbor and Scorah , of Boscov , and of Nukiyarna7 ( a s  noted 

by Boscov 6 , and D r e w  and i4uellt.r’). 

The bo i l ing  curve i s  genera l ly  divided i n t o  a t  l e a s t  th ree  regions - 
5 nucleate boi l ing ,  t r a n s i t i o n ,  and f i l m  boil ing.  Farbar and Scorah 

described six reg ions  i n  thc bo i l ing  curve, Su t  t nc  t h r e e  noted w i l l  

serve 3s a b a s i s  f o r  t he  :xc.ssnt discussion, 

Nucleate b o i l i n g  i s  characterized b r  m increase i n  hea t  f l u x  wi th  

increase  i n a T ,  a s  shown a s  region I on Fiqure 8-1, Assuming t h q t  the 

l iquid t a t s  the  heat t r a n s f e r  surface and t h i t  s u f f i c i e n t  superheat is 

present  t o  initiate bo i l ing ,  bubbles fern a t  t h e  i n t e r f a c e  and they ore 

r e l eased  t o  the  l i q u i d  bulk, >i the r  t o  condense or  t o  pass t o  t h e  

surfaco of the  l i q u i d ,  

The f i l m  b o i l i n g  i s  characterized by very la rge  values of b T and, 

i n  t h i s  case, o. s t a b l e  vapor f i lm mhich envelops the e n t i r e  heat t r a n s f e r  

surface,  increas ing  the  thmrnal rds i s tance  a t  the i n t e r f a c e ,  This is 

shown as region 111 on Figure 8-1 and i s  l imi ted  by the thermal s t z b i l i t y  

of the  heat t r a n s f e r  surface. 

Region 11, t ? a  t r a n s i t i o n  ragion,  is the cont3st  betvjPc-.n film and 

nucleate boiling mechanisms fa r  control.  

The shape and exac t  l oca t ion  of the curves apponr t o  be func t ions  

of the  following voriublas:  

1. xwssure 
2. nature of sdr face  mater ia l  
3 .  condition of surface 
4. geometry of s y s t m  
5. mechanical shock 
6 ,  physical properties of t h e  l i q u i d  

-3- 
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5 
Three sets o f  data from Farber and Scorah are  shorn on Figure 8-2 

t o  i l l u s t r a t e  tha effi jcts of pressure and the nature of the sul-f~co 

material. Two of the curves are  f o r  Chrome1 C - one a t  atmos?heric 

pressure and on3 a t  100 psig. 

difference3, ATo, a s  the &T a t  (q/AInsx , it is seen thn t  the e f f ec t  of 

increased pressure on b o i l i n g  with Chrome1 C i s  t o  incrzase (q/k) 

and reduce ATc, The other curve i s  for n i c k e l  a t  atmos2hsri.c pressure 

and it mas determined i n  tne sane mparatus  a s  thc curve f o r  Chronel C. 

Farber and Scorah 

If one def ines  c r i t i c a l  temper2turo 

max 

5 reported s imilar  curves a t  one atmosphere f o r  tungsten 

and Chromel A, and they oxplored tho pressure e f f cc t  i n  25 psig incrcments 

up t o  100 psig f o r  nickel,  Chronel A,  and Chrome1 C. Curves f rom 

Boscov 6 and Nukiyamn 

they -Ire included f o r  comparison. X4cAdane suggested tha t  the Nukiyama 

data a re  pmbnbly more accurat6 th in  the Boscov data i n  the f i l m  boi l ing 

range, since Nukiyama us2d a longer wire than did Boscov. 

mri: obtained with a glst intm heater and 
6 

The differences 

exhibited by the curv2s obtained a t  the some pressure are  a t t r ibu ted  to 

the use of different  matorials and sys tem of d i f fe ren t  geometry. One 

would expgct geometry of the system t o  be i?-portsnt since c i rcu la t ion  

is by natural  cmvection only, and thc? e f fec t  has b3en denonstratcd 

experimentally by Nukiyma 7 9 27, 

Larson 8 prcsented a discussion on f ac to r s  affecting boiling i n  a 

l iqu id  and related wet tab i l i ty  o r  i n t a r f x 5 a l  f r ee  adhesion energy t o  the 

superheat required f o r  ebul l i t ion.  In the cxperinental work he reported, 

ebu l l i t i on  te3peraturos mere measured f o r  various mat31 surfaces i n  

contact with water a t  atmos?heric grassure. Thc bulk temperature a t ta ined - 
-4- 
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by the  w a t e r  before e b u l l i t i o n  f r c q u c n t l y  showed sui?erhent, mil 2 r ap id  

drop t o  s a t u r a t i o n  b o i l i n g  tomperaturc occurrsd upon t h e  beginning of 

o b u l l i t i m .  Sevord  net-il surf aczs  :‘:‘we examined, v e r i f y i n g  the f a c t  

t h a t  t h e  na ture  of t h e  m r f x d  has c m s i d e r ? b l e  inf luence  on t h e  b o i l i n g  

mechanism. The e f f e c t  of natur.? of surf.iic9 m t e r i n l  is  a l s o  shown by 

d a t a  of Castles 9 

Larson 8 notad t h o t  mechanical shock muld cause e b u l l i t i o n  i n  t h e  

suparheatcd v a t e r  a t  lower trTperstures t h m  mere necessary t3 c m s e  

ebul l i t ion  without shock. Harwjr, Rarncs, e t  a l l o  p o i n t  gut t h a t ,  with 

proper  de-gassing t rea tment ,  later c ia  ba superheated t o  392” F (203’ C.) 

wi thout  bubbling, but t h a t  mechanical shock o r  high frequency sound could 

cause bubbling 3t much lower temperatwo i f  th.s de-gassing t rea tment  was 

n o t  complete. 

b o i l i n g  i n  t h s  low flux range and 

t h e  h e s t  t r a n s f e r  tuba. ; da r t ine I l i  and B o s l t e r l 3  have a l so  explored 

t h e  e f f a c t  of mechanical v i b r s t i o n  03 han t  t r a n s f e r  by n a t u r a l  convection 

wi thout  chmge of Phase. 

Rustin’’ i nves t iga t ed  the  e f f e c t  of mechanic31 a g i t a t i o n  on 

exannined t h e  e f f e c t  of v i b r a t i n g  

There msy be a c l o s c  r e l z t i c n  b a t v e m  nucle3Cs snd f i l n  bo i l ing ,  

and drop-wise 2nd f i l m  condenmt im.  Sone of the  cons ide rz t ions  

presented  by 8mm0ns’~ cn drop-wrse c mikxlsation may we11 be considered 

i n  acqu i r ing  an undc r s tmding  df the b o i l i n g  mebanism. 

aiafercnce t o  McAdrms3 i s  recommended f o r  Zxtonding t h e  background 

informat ion  on e f f e c t s  of ?ressu.ra, ..vetting agents ,  adsorbed a i r ,  etc.  

-6- 
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Farber and Scorah5 included a few remarks on the  e f f e c t  of uniform 

and non-uniform sur face  roughness, 

process  was necessary before t h e  hea t ing  wires gave uniform roughness 

c h a r a c t e r i s t i c s  and yielded reproducible  data. 

explored the effect of pressure  on b o i l i n g  f o r  s eve ra l  l i qu ids .  

Apparently a s p e c i f i c  condi t ioning 

C i c h e l l i  and BanillaJ-5 

They 

compared t h e i r  atmospheric pressure da ta  f o r  t h e  nucleate  b o i l i n g  range 

w i t h  s eve ra l  equat ions from the  l i t e r a t u r e  16,17,11,19,20 t o  f i n d  t h a t  

t he  b e s t  p red ic t ions  r e s u l t e d  from an equati.on recommended by Insinger  

and Bliss2* - 
l og  Y : 0.363 C 0,923 log X - 0.047 (log X) (Eq. 8,Ol) 

where Y = - --A- h ( P  0- )’*’ - x 10 10 

A very i n t e r e s t i n g  c h a r a c t e r i s t i c  of t h i s  equation i s  t h a t  v i s c o s i t y  

does not  appear. 

r e l a t i o n s h i p  between 

5 apparent ,  upon examining the da ta  of Farber  and Scorah , t h a t  such a 

t rea tment  will n o t  br ing  the  d a t a  f o r  water toge ther  without an 

a d d i t i o n a l  f a c t o r  f o r  nature  of sur face  mater ia l .  

f o r  b o i l i n g  water with a platinum wire a t  pressure up t o  1400 psig.  

da t a  a r e  shown on Figure 8-3 ( a s  presented by bkAdams21) t o  i l l u s t r a t e  

t h e  pressure e f f e c t .  

C i c h e l l i  and Boni l la  reported a f a i r l y  cons i s t en t  

(dA)max  and Pr f o r  organic l i q u i d s ,  b u t  it i s  
T-- 

Day presented da ta  

These 

--1 
-7- 
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Among t h e  b o i l i n g  data  found i n  p r o j e c t  f i l e s ,  t he  n a t u r a l  convection 

case  a a s  reported pr imar i ly  by Hoge and Brickwedde22 (bo i l ing  l i q u i d  

oxygen and l i q u i d  hydrogen a t  atmospheric pressure i n  the  nucleate  

range} and by B ~ o r n l e y * ~  (bo i l ing  water and l i q u i d  n i t rogen  i n  t h e  f i l m  

b o i l i n g  range).  Due t o  the  d i f f i c u l t y  of l oca t ing  da ta  on the  phys ica l  

p r o p e r t i e s  of l i q u i d  oxygen and hydrogen, t he  small amount of i n t e r e s t  

gene ra l ly  shown i n  these  p a r t i c u l a r  l i q u i d s  as  coolants ,  and the  

d i f f i c u l t i e s  o f  using Equation 8.01, t h e  da ta  of Woge and Brickwedde 

have not been compared with t h e  equation, but they are shown graphica l ly  

on Figure 8-4. 

Bromle93 developed some aDproximate equat ions which co r re l a t ed  

h i s  da t a  f a i r l y  well f o r  t h e  case of h o i l i n g  water and n i t rogen  i n  the 

f i l m  b o i l i n g  range, For ho r i zon ta l  tubes,  

For v e r t i c a l  tubes,  

The r a d i a t i o n  c o e f f i c i e n t  was ca l cu la t ed  with the  fol lowing 

expression:  

-9- 
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And t h e  hea t  t r a n s f e r  coefficil jnt  canbining conwct ion  an3 r ad ia t ion  

mas ca lcu la ted  by the ex;>ression - 
I- 

- 
(Sq. 8.05) 

,,. 
The value of 

the  order of 0.6. 

i n  Q u a t i o n s  8.02 mr;l 8.03 i s  assuned by Bromley t o  be of 

The e q u a t i m s  nrosented above w e  not  recocaended f o r  gzneral  use, 

but a r e  included here i n  order t o  shon the  form of  c o r r e l a t i o n  Bromley 

attempted. 

t o  t h i s  case i s  noteworthy. 

geometry or other  var iab les .  

but Tossibly it could be introiucod i n  3 r ' m l z y l s  t p c  gf ana lys i s ,  

From the da ta  of Ftlrber an3 Scoreh>, it m u l d  r+?xar  t h a t  t he  nature of t he  

H i s  approach i n  applying thermodynamic md physical l a w  

It mag be t h a t  f is  a func t ion  of system 

The y e s s u r e  e f f e c t  has not been included, 

r 

surface i s  n ls?  in f luont i r i l  i n  detGrqing t h c  shape 3n4 pos i t i on  of the 

curve i n  t h e  f i l m  b o i l i n g  rm;2 and must be accounted f o r  in a strict 

analysis.  

da ta  f o r  both m a t x  an3 n i t r c+ jn  a m  s h w n  on Fi.?urc 8-5, 

Bromleyrs I s h  f x  bo i l ing  water are  s h o m  on Figure 8-2, and 

Some ad-ii t ionnl data 3n this case cf bo i l ing  watzr c i r c u l a t e d  by 

n a t u r a l  convection may bc f m n d  i n  rqmrts on ,vork don2 a t  h$assachusetts 

I n s t i t u t o  of  Technology undcr the  supervision of ; , l ~ i i . i a n s ~ ' ~ ? ~ ~ '  24925928 

and i t  i s  e m e c h d  t h a t  B m m a r y  repor t  m t h e  batch b o i l e r  :vork i v i l l  bo 

2ublishe:I i n  t h e  ne3r fu ture .  

? 

One very i n t z r o s t i n z  c3s3 of boilin: water c i r cu la t ed  by n a t u r a l  

convec t im is  the case i n  nhich the  bulk t e n p r a t u r e  of  t he  water is much 

-11- 
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below the saturatim boi l ing  point,  

of subcoolc? water and some data  on t h i s  case have been pressntcd by 

Mosaicki and B r ~ d e r ~ ~ ~ ~ .  

water a t  one atmosphere, using a ? la t inu?  2 i r e  of apJ rcx in3 te ly  O.OC4 in .  

diameter,  

terqmrature, surface tanperaturc, an4 difference botnean the  bulk and 

surface temperatures. 

ternperature remains p r c c t i c a l l y  cons t in t  f o r  a l s rge  change i n  (q/A>ma, 

an3 v w y i n g  degrees of subcooling, 

This is c m x n l y  c a l l e d  l o c a l  b o i l i n g  

They i n v e s t i g a t e d  loca l  b o i l i n g  of subcooled 

Figure 8-6 i s  8 p l o t  of  t h e i r  d a t a  re la t ing  (q/A)aax t o  bulk 

It i s  i n t e r e s t i n g  to note t h a t  tne surface 
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LOCAL BOILING OF SUBCOOLED WATER 
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PMT 9 

HEAT TMlJSFER HIT:! LOCAL BOILING 
OF SUBCOOLED WATER IF? FORCED CO1JVECTION 

Water flowing normal t o  cylinders 

Apparently the case o f  local  boi l ing o f  subcooled water flowing 

normal t o  cylinders has not  been investigated i n  any o f  the  project  

laboratories,  but several  notes on t h i s  case are  included in  view of  the 

high heat fluxes which can be obtained with t h i s  mechanism. The chief 

sources o f  data a r e  reports  of work done a t  Massachusetts In s t i t u t e  of  

1 2 3  Technology ’ ’ . A few f igures  will serve t o  i l l u s t r a t e  the e f fec ts  o f  

amount o f  subcooling, and the  veloci%y. 

Figure 9-1 shows data preswted  by 1LcAdams3 f o r  t he  case of‘ water 
0 a t  65 F. flowing normal t o  a 0.048 in. s ta inless  s t e e l  tube a t  th ree  

d i f f e ren t  veloci t ies .  Figure 9-2 shows data f o r  -t;hree d i f fe ren t  bulk 

temperatares, but the same veloci ty  normal t o  a 0.048 in. s ta in less  s t e e l  

tube. 

The beginning o f  the loca l  boiling regime is the  temperature a t  which 

the  tube surface exceeds the saturat ion boi l ing point, although superheat 

i s  usually required before ebul l i t ion  s t a r t s .  

.- 
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Drawing # 67% 

FIGURE 9-2 
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6 It appears t h a t  f l u x e s  as  high a s  1.6 x 10 can be a t t a ined  

without bo i l i ng  f o r  t h e  case of  water a t  65' F, flowing 10 ft,/sec., and 

fluxes g rea t e r  than 2.8 x lo6 B tuhr .  ft? 

bo i l ing  f o r  the  same case. Referring t o  Figure 9-1, one may see -that 

increasing the v e l o c i t y  increased the  obtainable f lux  f o r  a given 

It  a l s o  seems l i k e l y  t h a t  increasing the  v e l o c i t y  vmuld  increase (q/A),, 

i n  t he  nuc lea te  bo i l ing  region. 

B t u h r .  ft? 

can be a t t a i n e d  with loca l  

A T, 

Another va r i ab le  which has considerable influence is the amount 

of  subcooling, o r  difference betmeen bulk temperature and sa t i i ra t ion  

bo i l ing  point. From Figure 9-2, it; is  sees  t h a t  higher f luxes  were 

obtained wi th  water a t  147' F. than with water at; 65' F., f o r  t he  same 

value o f  AT,  
prope r t i e s  wi th  t e q c r a t u r c  r a t h e r  than the e f f e c t  o f  subcooling. 

believed t h a t  lowering t h e  bulk tespcrn ture  will increase  the  (q/A)max in 

the nuclea te  bo i l ing  ranger These b e l i e f s  c a m o t  be subs t an t i a t ed  by the 

da ta  r e f e r r e d  t o  i n  t h i s  sec t ion  o f  the rcpor t ,  bu t  the e f f e c t s  o f  these  

variables will be discussed in more d e t a i l  in t h s  following sec t ions  on 

l o c a l  bo i l ing  of water in forced con-metion p a r a l l e l  t o  the heating surface, 

p a r t i c u l a r l y  i n  an annulus. 

Probably t h i s  d i f fe rence  is duo t o  t h e  changc of physical  

It is  

. .  

. . .  
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For t h e  case of' water a t  212' F, f lowing  lorma1 t o  the hea t ing  tube 

a t  10 ft./sec., t he  da t a  shown on Figure 9-2 a r e  r a t h e r  bewildering a t  

f i r s t  glance. 

neighborhood o f  A T 55' F. i s  c lear ly  ind ica t ed  by the data. The case 

is complicated by t h e  f a c t  that  b o t h  nucleate and f i l m  bo i l i ng  may be tak ing  

p lace  simultaneously bu t  a t  d i f f e r e n t  loca t ions  around the tube. 

McRdams s t a t e s  t h a t  the pecul ia r  shape o f  the curve i n  the 

The following explanation o f  the  pecul ia r  shape o f  t h e  curve was 

instigated by N, F. Lansing*, t h e  terminology being cons is ten t  with comon 

usage i n  f l u i d   mechanic^,^ 

and a s s u m  a laminar boundary layer  wi th  separation occurring a t  the 

loca t ion  shown as P on sketch (a ) ,  Figure 9-3. 

bubble formation c rea t e s  l oca l i zed  turbulence u n t i l  t h e  poin t  i s  reached 

t h a t  the turbulen t  in f luence  spreads  i n  t h e  boundary layer. This i s  

accompanied by a s h i f t  i n  the  separation point, incrcasing the  e f f ec t ive  

h e a t  t r a n s f e r  area.  Since t h e  dotmstrean sur fsce  i s  p a r t l y  blanketed by 

an increased thermal res i s tance ,  and s ince  s t a i n l e s s  s t e e l  has a r a t h e r  

low thermal conductivity, one may cxpect the downstream surface t o  have a 

higher temperature than t h e  upstream surface. The e f f e c t  of s h i f t i n g  t h e  

separa t ion  poin t  f r o m  f r o n t  t o  r e a r  ( a t  constant f l u x )  would be t o  lower t h e  

measured "average" temperature o f  the tube. 

Consider t h e  case of f l o w  normal t o  a cylinder 

A s  t h e  hea t  f lux  increases, 

*Oak Ridge National Laboratopj, Oak Ridge, Tennessee 
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Tho sh i f t ing  of  the separation point appears t o  be accoxpanied by decreasing 

thermal res is tance and increasing flux, 

f t ?  and A T 

~hus, a t  S/A Z 150,000 Etu/hr. 

50’ F., L die separation point may begin to s h i f t  i n  the 

direct ion o f  I” (sketch b, F igure  9-3). 

increased, t o  give higher f l u x  for  the same d T; but, a t  fluxes above 

300,000 Btu/hr, ft?. 

than the f lux increases, giving the negative va lue  for 

the separation point has became es sen t i a l ly  s tab i l ized  a t  P , the 

derivative csn again assume a posit ive value. 

Effective heat t r snsfcr  area is  

, the average tube temperature begins t o  drop f a s t e r  

d( A ) .  Then when & t 

This explanation appears t o  be plausible, but it should be kept i n  

mind tha t  l o c a l  disturbances caused by boiling a t  the l iquid-solid interface 

may r e su l t  i n  a mechanism which i s  much different  f r o m  the usual case with- 

out phase change, 

presented in Goldstein4, wifn the modification tna+ c r i t i c a l  Reynolds number 

f o r  t h i s  czss i s  reduced f r o m  t h e  order  o f  10 

modification a l s o  scorn plausible, for c r i t i c a l  Reynolds number has been 

shown t o  decrease as main stroam turbulence increases, and surface 

i r r egu la r i t i e s  hzve a very great  e f fec t  i n  the  same direction. These 

e f f ec t s  are mention-d by Goldstein, but  no data have been locatcd which 

c l a r i fy  t h e  f l o w  picture  i n  the case of  l o c a l  boiling. Vlhether or not the 

explanation suggestcd i s  s t r i c t l y  appl icable  could possibly be determined 

by experiment. 15 may be tha t  form-drag data would bc suf f ic ien t  t o  show 

whether o r  not  the explnnation is valid,  f o r  drag coeff ic ients  drop 

!he ideas outlined above arc  i n  accord with oonsiderations 

5 t o  the  order o f  lo4 a This 

considerably during the  

accompariie d by movement 

change f r o m  laminar t o  turbulent boundary layers 

of the soparation point t o  the rear+ 
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Flow wi th in  tubes and rectangular channels 

Data f o r  l o c a l  bo i l i ng  of subcooled water a r e  a l s o  meager f x  case 
F 

o f  f l o w  i n  c i r c u l a r  tubes  and rec tangular  chanuels. 

e l e c t r i c a l l y  heated, 3/8 in. O.D. x 0.30 

Taylor" used an 
t 
7 
i?. 1.D. s t a i n l e s s  s t e e l  tube t o  

heat water which en tered  the tube a t  '70' F a  

He neasurcd t he  ouksidc tubc  iwll t c n p r a t u r o  a t  each end and i n  thc  middle 

of the tube, and -tho water tenpcrature TK,S rneasurcd a t  each end o f  the tube. 

Pressure drop through the  tubc was o f  the order  of 40 lb./in. 

wi th  a ve loc i ty  o f  39.5 ft./sec. 

The 

temperaturc drop throllgh the tube w a l l  could n o t  be estimated very 

accurately. A s  shown by Xreith and SLu;lmcrfield , t h e  ca l cu la t ion  i s  r a t h e r  

complex f o r  l a rge  tomperature grad ien ts  axd Taylor pointed out t h a t  small  

changes i n  chromium content make a comparatively l a rge  change i n  the thermal 

6 

conductivity o f  s t a i n l e s s  s t c e l r  

It i s  believed - t h a t  thhc t rends  ind ica ted  a rc  important, and thc  da t a  

o f  Taylor a r c  shown o n  E'igrure 9 4 .  

absolxtc values bu t  t hcy  do show orders  o f  rnnenitude. 

were smllcr than ind ica t ed  on the  f i g u r c  s ince  thc  in s ide  sur face  t empera tu re i .  

assumed q u a l  t o  the outs ide  wall  temperature. 

assumed t h c t  t o t a l  hea t  d i s s ipa t ed  was absorbed by t h e  stream. 

p a r t i c u l ? r l y  i n t e r e s t i n g  t o  notc t l i n t  t h e  f lux nt'mincd was o f  the order o f  

3 x lo6 Btuhr. f t .  and, apparently, higher f luxes  izrerc possible. The 

bulk temperature o f  t hc  water rose t o  about 105' F. a t  the  o u t l e t  cnd of 

t h e  tube f o r  the  h ighes t  fluxes, bu t  it IWS st i l l  well be lov  the  sa tu ra t ion  

bo i l ing  point. 

The va1uc.s shown cannot be taken f o r  

Actual values o f  dl T 

For this f igu re ,  it a l s o  i s  

It i s  

2 

Thcsc data ind ica t c  tha t ,  with l o c a l  bo i l i ng  o f  subcooled 

-8- 



lo7 

- - - -Ti-  

----- -* 

IO 

A DATA OF BORNWASSER- RECTAIYBOLAR 

I 

CHANNEL 

R 



water c i r cu la t ed  by forced  convcction,fluxcs can be a t t a i n c d  which a r c  

roughly e i g h t  tirnss g rea t e r  than thqssc possible i n  thc cnse o f  bo i l i ng  

w a t e r  c i r cu la t ed  a t  i t s  boi1i:ig p o i n t  by n a t u r a l  convection. Thc linit 

of  flux was not recched i n  Taylor's systcm becr,usc of a burn-out f z l l u r c  

which r e su l t ed  f r o m  an uinntri.cipc,tcd f a l l  i n  wntcr prossurer 

t h a t  peak flux i s  a func t ion  of prcssurc 2nd m t e r  vclocitjr,  and t h c  

c f f c c t s  o f  t hcse  variables m c  discusscd i n  KOTC d c t z i l  i n  t he  soc t ion  on  

s tud ies  i n  an annulus. 

This indicc tcs  

Onc s e t  of da ta  on l o c c l  bQiling o f  su5coolc2 m t e r  i n  c, roctnngular 

channel wzis reported by BornwassGr. Thc channcl wcs abaut 0.16 in6 dcep 

and 1 in. wide. Thc h e a t  t r m s f c r  sur face  was 2, 1 i n ,  square copper ba r  

heatcd with A t o rch  on onc endr The end of t h s  ba r  ' w s  mounted f l u s h  with 

onc of the p a r a l l e l  walls so  as bo yrcvcnt d i s t o r t i o n  o f  the  f l o w  and give 

d i r e c t  contact iv i t l i  thc demineralized cool ing vrZ&tcr which vas introduced 

a t  about 104' F. aad velocities f rom 8 t o  20 f t t ; , / s i 3 C .  

Bomvrasscr included surfncc temperature ricnsurcd x i t h  thcrmcouples  imbedded 

i n  t h e  bar, f l o w  r a t e ,  and h a t  f lux as cnlcu lc ted  from t h c  t e r n p e r a t w e  

rise o f  thc water. In such 3 s y s t s m ,  onc night  cxpcct; some i r r c z u l a r i t i o s  

because of  asymieti>r o f  thc hca t  t r a s f c r  per? mctor, toq7erz-i;ur-c d iscont i -  

nuity i n  t h e  channel, and 1 o v  length/S?ydraulic diameter r a t i o .  

the  da t a  arc n o t  ncccssn r i ly  quan t i t z t ivc  but  a r c  sh,wr;i iili Figure 9-4 f o r  

comparison. 

The data of 

Consuqumtly, 



Flow i n  an Annulus 

The C E ~ S C  of l o c a l  bo i l i ng  of subcooled water i n  an araulus is a l s o  

a t t r a c t i v e  becausc o f  t h e  high heat  f l u e s  a t ta inable .  

s tud ied  moro cc re fu l ly  thnn thc forced convection s tud ic s  ro2or t cd  i n  

previous sec t ions ,  and it; is bclievcd t h a t  t h e  t rends  exhib i ted  i n  the  

annulus w i l l  a l s o  hold for c i r c u l a r  tubes : a d  rcctangulor chalrmls. 

Knowles 

which he r e p o r t e d  ear ly  i n  1946, 

the amulus made by on e l e c t r i c a l l y  licatcd st::iriless s t c c l  tube r i t h i n  a 

ve r t i ca l  g l a s s  tube. 

9.5 x 10 B t u / h r .  ft. , a l/4 in. diameter s t n i n l c s s  s t e e l  tube was used. 

Three d i f f e ren t  lcngths ( 3 C  in., 1 2  in., 2nd 3 in.) o f  tubing were used i n  

combinztion r i t h  two ins ice  dia ,xters  (33.642 is., 0,394 in.) o f  glass t u b  

i n  order t o  vary t h e  r a t i o  of 'neotcd lcngth t o  hydraulic diarnetcr. (L/Dc 

ranged from 7.6 t o  76). 

It has bcen 

8 Fade a ra thcr  comprohcnsive study of  l o c a l  bo i l i ng  i n  ar, annulus 

I j j  h i s  appttx-atus, water f lowec? downward i n  

For the dctcrmimtions iRh2dC a t  hcak fluxes up t o  about 
5 2 

For high flux s tudies  up t o  about 2.35 x 10 6 Btu/t.s. ft, 2 a 1/8 in, 

dirtmeter s t a i n l e s s  steel tube IW.S used i n  conibinction with a 0,642 in.. ins ide  

d i a m t e r  g l a s s  tube. Tiic heated length was 11.5 in. and the L/D, r a t i o  vas 

22.3. 

Thc rango o f  conditions studied i s  shown i n  Table 9-1. Pressure a t  the  

ex i t ,  o r  do-mmstronm, end o f  the hoatcd lc i igth i ~ a s  miiitr=,imd a t  40.6 ps ia .  

throughout the inves t  i g a t i  on. 

-11- 
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F i g u r e  9-5 i s  t y p i c a l  of t h e  da ta  reported by iCno:;'les, and w i l i  serve 

t o  i l l u s t r a t e  t he  conclusions which may be drawn fron h i s  work. A few m t e s  

a re  included below t o  describe the  e x p e r i m n t a l  method and expla in  t h e  

f i g u r e  

For a s p e c i f i c  hydraul ic  diameter, r a t e  of f low,  and heated length, 

a c e r t a i n  hea t  flux, say (q/A,)l , was chosen. The bulk temperature o f  tne  

e x i t  md o f  t h e  heated length v;as 

ternperature was p l o t t e d  a t  'ID". 

"A", and t h e  corresponding sur face  

As t h e  bulk e x i t  temperature was increased 

t o  "B" (by increas ing  the input water temperaturs), t h e  sur face  temperature 

increased t o  "E" . A s  t h e  bulk tenpera turc  vas  increased fu r the r ,  the  surface 

temperature re ra ined  constant a t  "E", lThcn the  bulk  teniperature reachod " C "  , 

t h e  system broke down wi th  a g rea t  evolution of steam and a burned-out 

hea te r  tube. 

Then a l l  po in ts  ly ing  on the  same curve with "E" represent  the sur face  

temperature a t  break down conditions and each poin t  i s  the c r i t i c a l  surface 

temperature f o r  a s p e c i f i c  flux. The regioa o f  xns tab le  sur facs  temperatures, 

leading t o  breakdown, i s  t o  t he  r i g h t  o f  this curve. The curve tkurougli "C"  

confining t'ne s t a b l e  region of maxixm bulk tenpera tures  i s  ca l l ed  the 

c r i t i c a l  bulk temperat,ure curve. In onc case t h c  c r i t i c c l  bulk temperature 

was 104' F. bclovr t h e  sa tu ra t ion  bo i l ing  p o i n t  at' a flu of. 7,Q x 105 

B t u h r .  f t O 2  (Se r i e s  3 i n  Knorvles' r e p o r t ) ,  

sur face  tempcraturc and c r i t i c a l  bulk tenpera ture  

The d i f fe rcnce  between c r i t i c a l  

("Ef' - " C " >  may be ca l lod  

t h e  c r i t i c a l  t enpcrn ture  d i f fe rence  f o r  a given flux. C r i t i c a l  temperatm-e 

d i f fe rence  increased a s  flux increascd and rcachcd the order of magnitude of 

210' F. a t  fluxes ranging f r o n  4.0 t o  9.5 x l o5  B t u h r .  f t .  2 , depending on 

experimental conditions,  The c r i t i c a l  surface t e q e r a t u r e  r i s e s  more 



fGURE 9- 
TYPICAL CURVES FOR LOCAL 

SU6COOLED WATER IN A N  

FROM DATA OF KNOWLES 

t CRITICAL BULK TEMPERATURE 
AT END OF HEATEO LENOTH 

REGION OF BULK SURFACE TEMPERATURE PLOT 
TEMPERATURE OVER FOR A W E N  BULK 
WHICH SURFACE TEMPERATURE AT 
TEMPERATURE REMAINS END W HEATEQ 
CONSTANT WITH CONSTANT 
HEAT FLUX 

t 
i 

TEMPERATURE - 
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and nore sharp ly  8 s  h e a t  flux incrcn.scs, -nd sccm t o  approach a:-1 zsyxptotic 

value i n  SOX C ~ E O S .  Oil  t he  o ther  hmd, c r i t i c n l  bu lk  tempr?kturcs  ralyiclly 

c w v c  over t o  lovier vn,lues a s  f lux increases. This riec31s t h z t  a t  high fluxos, 

bulk exit tcmycrr,tures must be kcTt low t o  nvoid brealcdown. This, i:*, %Ern, 

rcduccs the temperature r i se  permitted i n  the T.atcr, and must be coiXl?eilsa.ted 

f o r  by incrcasing %he i'low ra te .  

S i m i l x l y ,  a11 poinbs o r  the curve passing through I'D" roprescnt surfcce 

tempcrzturcs f o r  difi'crcn-t f luxcs vritl? -t\c bulk c x i t  tcnper::.ture co:istant. 

This curve i s  csse:i t ial ly a p l o t  o f  A T (surface t c q e r n t v r c  minus bulk 

c r i t i c a l  surfccc tcqera-Lure Upward cur-mturc o f  ti-= surfncc t e q o r n t u r e  

l i n e s  ind ica t e s  incrensiug coci'l'i cicn-ts, ci32co bulk t e q c r a t u r e  i s  c o n s t m t  

a t  which thc surface tarnncrntxrc: rczchcs t& c r i t i c a l  v d u c ,  f o r  n ;;iven 

f lux ,  The d i f fe rence  bctvtecn thc curvc rAirough "B" ::nd the cri-kicr.1 bulk 

tcnpcrature curve "C"  i s  thc a:i.Cun-l; t h a t  ' ! e  bulk tcqer::turc: c m  rise xtth- 

out  changing t i e  sur face  t;:-pr,*:%urc (r,lready criticF.1) Thc di f fe rencc  

betvrecii 'IB" and "C" i n q  reach the ordcr o f  nrgnitudc o f  96' F. (Ser ies  6, 

Graph 6 i n  Knovlcs  * r epor t ) .  

t h c  cooff ic icn t  incrccses  a s  tirc bulk to:--yrzturc incrc.xcs fro:?, 'rj?'l t o  t t ~ " .  

It is also no tcd th::';, Txith constant flux, 

Since bulk  tcmpsrnture -,rid sa r ihcc  tcz?cr r . tu r t  2.m Lc.us.1 a t  zcro flux, 

the  preva i l ing  bulk  t c q c r a t u r e  f o r  any surfncc: tc7ik,crTi;t*rc cwvc ( i n  tino 

p l o t  o f  flux -rs. s:irface T x c p x - ?  r;ur.c) i s  til; t v q y r a t u r e  a t  :;.llich the surf::cc 

tcxperature curve i n t o r s e c t s  zcro  flux. 

-15- 



Conditions :?&re changed by vcrying kLydrk:?.lic dionctcr, hoated lcilgth, 

a i d  f l o w  rate indcyndent ly  2nd scv-crr,l p l o t s  siailw 50 Figure 9-5 vscre 

imde f w  t'ncse d i f f c r m t  conditions. (See Table 9-11 

Included, i n  thc r e p o r t  by Ikiowlcs a r e  shor t  discussions on breakdown 

cond-itions, v i s i b l e  b o i l i n g  

dron, d i r t  filn i 'ornct ion,  nnd 2ccurnc;r of rcsults. 

sir?ilar to Figure 9-5, i n  which ,:7Tcri:x,istnl d a t a  h ? c  kcon p l o t t c c !  f o r  

+hc tube, t h e  mechanism of boili:ig, prcssurc 

X s r c  s rc  f i v c  gr:lsplis 

d i f fe ren t  expcr imnta l  conditions 111 i ' o w  more grt:phs, critical sur"face 

tilose sfuudied. 

hold, siiice it implies m exchange o f  sensiblc heat, only, 

var iab les  other than those invos t i sa tod  enter  in to  t h e  considcraticns as 

indicated i n  previous sections of t h i s  rcLiort nnd vzriPicd i3 the f o l l o w i l y ;  

The Dittus-Eocltcr type rc ln t ionship  cr,:u?ot bc, expcctod t o  

It may be t h a t  

sccti-on. Definitc e f fec ts  of L/D, , f l o w  rn,tc, md f l u x   ha^ n o t  been 

iso1::ted s u f f i c i e n t l y  t o  justif;r nny stai;c:-uxt~ of quantit?.tlvc vr;lue. 

tcxpcrntur:: i n  scns ib lc  ! lent ,  and t;anat p o r t i o r ,  o f  t h c  k a t  is present 3s 

l a t u n t  he a t  i n  .r-mtcr vapor .  Cwlccivably, on'; l i r 3 t i n g  brc:~.lrdo~:;n considsr- 



The data i n  the r e p o r t  do n o t  permit t h i s  t j T e  of ca lcu la t ion ,  kimever. 

Considerable error probably e x i s t s  in se l ec t ing  the temperature a t  

which t o  evaluate the  physical proper t ies  which e:Iterec! i n  the  ca l cu la t ion  

o f  (Nu) ( R e  -**' ), s ince  it was assuined t h a t  these  proper t ies  

were t o  be evaluated a t  a temperature hal,%ay betvseen the bulk and surface 

temyeratures. This method o f  s e l ec t ing  temperature kas shown prornise in 

cor re l a t ing  data f o r  s sns ib l e  heat exchange in forced  coiivection skztems, 

but l oca l  bo i l i ng  my r equ i r e  an e n t i r e l y  d i f f e r m t  basis ,  

source f o r  e r r o r  i n  systems employing e l s c t r i c a l l y  heated tubes i s  t he  

ca l cu la t ion  f o r  tornperaturs drop through the tube wail. As  noted i n  previous 

discussions of  bo i l i ng  data,  it i s  believed that t h e  t rends  ind ica ted  i n  t h i s  

work a r e  more v a l i d  than  any quan t i t a t ive  da t a  reportcci, although Knowles 

suggests t h a t  hea t  transfer coe f f i c i en t s  repor ted  a re  accurate wi th in  2%. 

(Pr  -0'4 ) 

Another l i k e l y  

Other cont r ibu t ions  t o  M e  l i t e r a t u r e  on t h i s  case have been made 

r ecen t ly  by Minden 

supervision o f  McAdams a t  Massachusetts I n s t i t u t e  o f  Techoologyc One t e s t  

unit used by Minden' consisted o f  a 1,/4 in. 0. I)., e l e c t r i c a l l y  heated, 

s t a i n l e s s  s t e e l  tube surrounded by a concentric, g lass - l ined  s t a i n l e s s  s tee l  

tube t o  form an annulus o f  De = 0.42 inchcs. 

and it was used i n  combination with two heated lengths. 

of  the hea t  t r a n s f e r  tube was  4 in. f o r  hea t  fluxes nes r  2 x 10 

ft.' and an 8 in. tube was used f o r  fluxes less  than 1.1 x 10 

and Carl. and Picorncll l '  working under t h e  

Thc jacke t  was 14 in.  long 

The heated length 

6 Btu/hr. 

6 2 Btu/hr+ f t .  

The heater tube was supported i n  the center of t h e  annulus b;: r. copper tube 

on one end and a brass r o d  on +he other, both of which served as e l e c t r i c a l  

leads. The p r i n c i p a l  cascs  he explored with t h i s  appara tus  were: 

-17- 
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1. Effec t  o f  vc loc i ty  

a. Veloc i t i e s  of 2, 4, 8, and 16 ft./s=c. were used i n  tk 

equipment, with pressure he ld  constant a t  30 p s i a  and 
0 

bulk temperature a t  150 F. 

Velocities of 16 and 32 ft./sec. were explored, w i th  

pressure  a t  60 ps i a  and bulk temperaturs a t  193' Fa 

ba 

2. Effect of  pressure 

Folding t h e  ve loc i ty  a t  16  ft./sec, and 4.21~ bulk temperature 

a t  100 F., experimental rims wore mde  f o r  prassures o f  30, SO, 

90, and 120 ps ia .  

0 

22 Carl and P ico rne l l  

temperature and saturation b o i l i n g  tcnpera ture)  constant r a the r  than  bulk 

tern?crcture, and the pr inc ipa l  cas03 t h q  inves t iga t ed  a r e  i n d i w t e d  below: 

held t h e  degree o f  subcooling (d i f forcnce  between bulk 

0 Pressure, Ps ia  Subcooling, F Velocity, ft./scc. 

30 50 1 
4 

12  

60 20 1 
4 

1 2  

60 SO 1 
4 

60 100 1 
4 

1 2  
36.6 

60 150 4 

90 50 1 
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The range of cxperimontal conditions p x m i t t e c i  an cvalur?tion o f  the  

c f f o c t  of each of t h e  t a r i a b l c s  noted i n  tho  table above* prcssum,  

subcooling and ve loc i ty .  

by a c e n t r a l l y  loca tsd ,  0.254 in. d iane tcr  s tn in los s  s t e e l  t cn t ing  tube 

s u r r o u d e d  by e i t h e r  a 0.423 in. o r  0.770 in.  I. 3. g las s  tube, 18 ix. l03g. 

The ac tua l  heated length ( lcngth  o f  s t a i n l o s s  s t e e l  tube) was 4 inchcs. 

The cipparntus was essentially t h e  samc as used by Xiiiden. 

Carl and P ico rne l l  used a v e r t i c a l  m m l u s  made 

Except f o r  i t s  effect on m m i m u n  a t ta incble  flux", pressure change did 

not  have an apprcciable e f f e c t  on t h e  har,t t r c n s f e r  t o  x a t e r  iii the  range of  

conditions inves t iga ted .  The e f f e c t s  of suSccoling 2nd ve loc i ty  a re  

sumrnarized on Figure 9-6 as copied from thi: work by Carl and Picornell .  

The s t r a i g h t  l i n e  ? l o t s  r q r c s c n t e d  the  daCr. q u i t e  w e l l ,  and the break i n  

t h e  l i n c  coincidcd wi-t;h the visual observation o f  the boginning of 

e b u l l i t i o n ,  

could a l l  be cpproximated by one curve having ns 2bszissa t'ne d i f fe rcncc  

between sur face  temperctwo and sa tu ra t ion  bo i l ing  p o i f i t  as shown on Figure 

9-7. The ef fec ts  o f  pressure, ve loc i ty ,  and subcooling o n  mximun flux 

a re  shovm on Figure 9-8, and t h e  c f f s c t s  o f  ve loc i ty  and subcooling on 

Thc: inves t ign tors  pointod out t h 8 t  t h c  curves o f  s t e u F s s t  slope 

c r i t i c a l  temperature diffcrenc2 arc  s!io~m oa Figure 9-9. 

*NOTE: In e l e c t r i c a l l y  hentcd systcms, maximu% f lux  i s  thc  h ighes t  flu 
which can bc Etttained witnout thzrmi l  i n s t n b i i i t y  cad burn-ouk 
f n i l u r e .  

- 

-19- 
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Drawing # 6740 

FIGURE 9-6 
SUMMARY CURVE FOR LOCAL 

BOILING OF SUBGOOLEO WATER IN AN ANNULUS 
- EFFECT OF VELOCITY AND SUBCOOLING - 

LINE SUE 00LIN0 

-0- 2O0F. - SOOF. - -- IOOOL ---- ISOOE 

MTA OF CARL AND PICORNELL 
PRESSURE = 60 psi0 
DEBASED DISTILLED WATER 

De = 0.52 in. 
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Dfawing # 670 

FIGURE 9-7 
APPROXIMATE CURVE FOR LOCAL BOILING OF 

SUBCOOLED WATER IN AN ANNULUS 

IO6 

IO6 

IO 
'w- ts 9 OF 

DATA OF CARL AND 
PICORNELL 

OEOASSEO DISTILLED 
WATER 

PRESSURE - 6OpSiO 

oe = 0.52 in. 
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Drawing # 6942 

FIGURE 9-8 

EFFECTS OF PRESSURE VELOCITY AND SUBCOOUNO 
ON MAXIMUM FLUX 

- 
OATA OF CARL AND PICORNELL 
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Drawing # 6 7 0  

FIGURE 9-9 
LOCAL BOILING OF SUBCOOLEO WATER IN AN ANNULUS - 

EFFECTS OF VELOCITY AN0 SUBCOOLING ON 
CRITICAL TEMPERATURE DIFFERENCE 

Lc 
0 

m 

a c 

s 
I 
t 

IO2 

50 

t L IO 

DATA OF CARL AND PICORNELL 
- W A L L  TEMPERATURE 

ts - SATURATION BOILING TEMPERATURE 
-BULK TEMPERATURE OF WATER 

'w 

'b 
PRESSURE = 6 0 p s l a  

-23- U!?CLASSIFIED 



Kost o f  the  d a t a  were t aken  wi th  t h o  0,770 i n .  I. D. g las s  tube 'L)ut some 

wcre -taken wi th  t h e  0.423 in. I. D. tiibe 'eo determine t h e  e f f e c t  of  

cnnulus size. The e f fec t  ' i63S 2ot conclus ive ly  determined bu.t t h c  da t a  

i n d i c a t e d  a s h i f t  toward l ower  va lues  o f  AT for  t h c  s m w  f i u x  i n  the  

smal le r  annulus. &-I i n t e r e s t i n g  observa t ion  of Carl  and P i c o r n c l l  ipKiS 

t h a t  t h e r e  appeared t o  bc! 3 minimdm amount by  which wall t cnpc ra tu re  

exceeded s a t u r a t i o n  temperature ( tS) before l o c a l  b a i l i n g  began. 

(tiJf) 

The amount 

o f  t h i s  tempcraturc  difi 'orcnce was inf lucncud by v e l o c i t y  and subcool ing  as 

shovm by t h e  t a b l e  below: 

TABLE 9-11 

Minimum 'Jaluc of -$,J-ts Zequired t o  I n i t i a t e  Boiling f o r  
Various Corn!,in:;tions of Veloc i ty  and Subcooling 

Subcooling, OF 

20 50 1Oi)  150 

1 21°F 23 O F  25OF 

Ve loc i ty  4 30 31 3 7 39OF 

rt./ScC. 1 2  39 4 2 49 

%f'tS 

The da ta  of Carl  and P i c o r n c l l  m r c  reproducib le  and it i s  be l i eved  

t h a t  conf'idencc m u y  be p laced  i n  t h  orde r  02 magnitude o f  the valucs  

reported.. 

13,14 

b o i l i n g  h e a t  t r z n s f e r  research  u2dcr wq: oL t l x  &ivcrsity o f  C a l i f o r n i a  at 

Los Angcles under the d i r e c t i o n  of Boel te r  and a t  lhssack,metts I n s t i t u t e  of 

Tcchnqlogy under t h o  direction o f  McAdarns. 

In two recen t  mrrioranda, Lansing ;.rosanted soveral comments on 
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PART 10 

REFERENCES RELLTED TO ;FIEtxT TWJSF%R WITH 
CH;INGE OF P a S E  

Boil ing and condcnsstion c?rc the cases o f  primary in t c rc s t  i n  this 

section of t he  report. 

mechanisms, and thc rcfercnccs n o k d  hero a r c  co su;7plcncnt t h e  back- 

ground information. Onc w r y  informr.tivc s5udy of boiling has been  

prcpnred under the  dircction of Ti. B b  Xckdams n'i ~ ~ c s s r , c h u s c t ; t s  Institute 

of Tcclinology in t h e  f o r n  oln slow-motion picturcs of thc bubble 

formations on a hot wire. 

Pcr ts  8 and 9 are dcvo'cod to t h c  boiling 



A f e w  misce l lmeous  raferencos whiuh m y  be usefu l  in c lea r ing  up 

the p i c t u r e  o f  b o i l i n g  and bubble growth are l i s t e d  bciow. 

Christ, C., % Release of Gas from Supcrsc turn tcd  Solut ions,  CP-3063, 
June 23, 1945 

Colburn, A. P., et a l ,  Effect o f  Local Boi l ing  and fiir Eatrainmcnt on 
Tenperatures o f  L iqu i rCob lcd  q l i n d c r s ,  M i d i 1  Technical Note 1498, 
March 1948 ' ' 

Fold, B e  T., On Cooling by B o i l i n g i i a t c r ,  CE-553, i,ugust 1, 1945 

Uar t in ,  A. V., Heat Flow fron a Fill t o  a E o i l i q  Liquid, CP-2995, 
May 11, 1945 

This paper presenta  a mathematiczl i nvcs t iga t ion  of.' t h c  smallest 
l cng th  o f  fin which w i l l  d i s s i p a t e  90;; as  much h o n t  as  on i n f i n i t e  
length.  

Schlcgcl ,  R., Ev2?,porction o f  n Dissolved Gas from-Viatcr i n  a Heat 
Exchznger, CP-3062, Junc 23, 1945 

Equations a r e  developed f o r  dissolved gas t r a n s f e r  i n  f a l l i n g  f i l m  
exchangers. 

Smetana, F., C h a r c c t e r i s t i c s  o f  Boi l ing Solu t ions ,  CE-3510, h r c h  7, 
A 

1915 

Solu t ions  were b o i l e d  i n  an opcn t o p  g l a s s  box by pass ing  an 
e l e c t r i c  cu r ren t  through t h e  so lu t ion .  

Vernon, €3. C., P-9 F i l e  S t u d i c s , S e c t i o n  R e p o r t  f o r  Xonth Endiiig 
June 30, 1943, CE-754, June 30, 1943 

Approximyte formula for bubble f o r m t i o n  is given on p.l .  
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Weills, J. T., Steam Bubble Size and Rate o f  Rise through linter a t  
I t s  Normal Boiling Point,  CT-910, Soptember 3, 1943 

Vieills described expcrimcntal technique and included smll amount 
of  data. Bubble s iz t ;  and r a t c  o f  r ise were ohtaincd photogrzphically. 

_. bdigner, E. P., The Rate of' Rise o f  Bubbles, CP-1691, A p r i l  7 ,  1944 

Squations arc prcsentLd f o r  bubblo s i z e  and ratc o f  r i s e .  

Young, Gale, Transfcr Phcnomel?o2i arid Bubble Growth, 1;2UC-GY-30, 
Apr i l  4, 1945 

Young, Gale, S t c b i l i t y  oi' a Fin i n  Boiling Liquid, CT-1902, 1;IDDC-745, 
January 26, 1945 

An i dea l i zed  discussion o f  hoc* t r n n s f c r  i n  bo i l i ng  i s  giveri , and 
some ca lcu la t ions  o f  f i n  pcrformmcc arc  mde.  

Young, Gale, Evaporation o f  Dissolved Gas from a Liquid, XUC-GY-28, 
March 7, 1945 

The analogy betwccn hea t  and momentum t r a n s f e r  i s  crnploycd, 

The pro j e c t  data  on Condensation appear  t o  be coxfinod p r i m r i l y  t o  

condensation o f  s o l i d  uranium hexafluoride.  

Cooper, G, T., Expcrirnentnl Cold Trap Test Data, Ceccnbcr 29, 1943 
-_c 

(On f i l e  a t  K-25 plant,  Carbide and Carbon Chcrnicnls Corporztion, 
Otlk Ridge, Tennessee) 

Hodgson, M.A,E., Rate o f  Condensation o f  Pure V I  and Therm1 
Resistance of V I  Deposits, BR-410, A p r i l  15, 1944 

Johnson, C.A., Study of  C,old Trap Test Data,, November 13, 1945 
( F i l e  K-920 a t  K-25 plant,  Carbide apd' Carbon Chcnicals Corporation. 
Onk Ridge, Tcnnessec) 

- -  
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Kur t z ,  J. J,, Olson, R. C., Test Results and CcJculations on C-616 
Condensation, in Converters, A-4770, August 22,. 1947 

Thompson, W. I,, Analysis of Single Tube Cold Trap Data, RB-3A, 
April 24, 1944 

Thompson, I., Thcory o f  Rent and Xnss Transfer in Batch Condensation 
o f  So l ids ,  i:DDC-66, ;day 28, 19G6 
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PART 11 

SELECTED TOPICS RELATED TO HEAT TRANSFEP, 

The following paragraphs a re  devoted t o  miscellaneous notes on a f ew 

t o p i c s  re la ted  t o  heat t ransfer .  The first notes re fer  t o  instruments 

which may be useful  i n  heat t ransfer  experiments, and the remainder o f  the 

section i s  devoted t o  a l l i e d  subjects such as  pressure drop, equivalent 

diameter and heat exchanger design. 

This p a r t  of t h e  report  i s  essent ia l ly  a reference section;consequently, 

l i t t l e  descr ipt ion i s  included. In order t o  f a c i l i t a t e  locating the source 

f o r  more information, references are included as footnotes. 
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( a )  Density Measuring Device 

In s p i t e  of t h e  f a c t  tha t  local  b o i l i n g  permits very high heat 

fluxes, it cannot be considered as a good prospect f o r  cooling a nuclear 

reac%or unt i l  ( a )  t he  mechanism i s  understood and controlled, and ( b )  

the change o f  dens i ty  i n  a cooling channel i s  knovm and can be compensated 

f o r  i n  the  reactor designs. A unique method fo r  deiisity determinations 

was described by Lansing 

Ins t i t u t e  o f  Technology* 

channels between a low energy gamma ray source and a counter f o r  each 

channel. One f l o w  channel i s  a s t a t i c  control and t h e  other i s  the heat 

t ransfer  channel. Evgns p o i n t e d  o u t  t h a t  a density measuring instrument 

which u t i l i z e s  radioact ivi ty  i n  a similar manner i s  marketed under the 

t r a d e  name Penetron by Engineering Labora"tories, Inc*, 610 E. 4th St., 

Tu 1 sa, Oklahoma . 

1 a f t e r  a discussioa w i t h  E ,  Evans a t  Massachusetts 

The system i s  composed of two ident ical  f l o w  

1. Lansing, N. F., V i s i t  t o  Prof. McAdams, at NIT and to Code 443 
Bu Ships, Oak Ridge National Laboratories, Central Fi les  No.48-4-82, 
Meno t o  H, Etherington, April  2, 1948 

-2- 
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(b)  Inductance Thermometer 

Tho inductancc thermometer was designed t o  f i l l  the need f o r  

a temperature measuring device which does n o t  in te r fe re  with steady flow 

and heat t ransfer  conditions i n  a cyl indrical  .tube. It Iileasures the 

averago temperature around the circumt’erence of a tube over a length of  

one o r  two inches by making use of t h e  f a c t  t ha t  diamctcr of the tube is 

a l inear  function of i t s  temperature, 

temperature i s  masured ind i rec t ly  as a ohangc of  elecc.tro-magnctic 

coupling between the  tube and a concentric coi l .  

of -the co i l  which r e s u l t s  f r o m  diameter var ia t ion changes the frequency 

of an osc i l l a to r  and the  frequenoy chance i s  made t o  give a diroct  meter 

reading by mans o f  a discriminator c i rcui t .  Tho inductancc thermometer 

was used t o  measure t h e  average localbmperaturc of  a heated tube 

surrounded by water i n  forcod convection i n  an annulus made by a Wrex 

The tube d i a m t e r  var ia t ion with 

The change of inductance 

jacket. A complete description o f  tho c i r cu i t ,  construction, calibration, 

and use is included i n  the appendix of a report  by Baucr and Milner 2 . 
2. Bauer, S. G~,lIi.lner, P. M., Heat Transfer Experimnts with Special - 

Reference t o  Anodized Layers, UTec 143, IJational Rosearch Council 
o f  Canada, Montreal Laboratory, Junc 5 ,  1945. 

-3- 
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(c) Thermal Flovmter  

Measurerent of non-pulsating mass f l o w  r a t e s  o f  a gas stream 

may be made wi%h a therrral flowmeter. 

o f  a tube (having low thermal conductivity) w i t h  a heating c o i l  i n  the 

middle and a means f o r  keeping t h o  tcmpcrature constant a t  each end. 

tubc temperature difference b o t r e m  tnc p o i n t  1/4 dom ths tube length and 

the point 3/4 down, the  tube length i s  cal ibrated against mass f l o w  rate. 

Accuracy within + 1% has becn at ta ined by such aa instrument whcn 

cal ibrated in  plzcc, operated under constant conditions and checked a t  

monthly intervals. Swartz3 has presented a completo s t u d y  o f  thermal 

Tho apnaratus consists essent ia l ly  

The 

e 

flowmeters, including construction, assoc ia tcd  apparatus, and operating 

character is t ics ,  

3. Swar-tz, C. D., Thermal Flowmeters, A-3219 Columbia Ser i a l  No. 1C-M470, 
Columbia Universitjj, Division of War Research, SAM Pro j c c t ,  January 
153 1945 

Other references f r o m  Swartz : 

Blackett# Henry, and Rideal, Proc. Roy@ SOC. A126, 319 (1929) 

Blackett, and Henry, Proc. Roy, SOC. A126 333 (1929) 

Haggstrom and Nordsieck, A-87 ,January, 1942 -* 
Booth, Hgggstrom, and Crzllihan, A-88 A- 
Callihan, Columbia Ser i a l  $lol 5B3-Ll5 A p r i l ,  1944 

-& 

-, 

January, 1942 
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(d)  Water Rate Determination 

4 For accurate f l o w  r a t e  measuremcnts, Kratz, Raeth and Chr is t  

described a method which i s  p a r t i c u l a r l y  useful a t  low f l o w  rates,  where 

o r i f i c e  p l a t e s  and f'lo-metero wcrc foiund t o  bo inaccuratc. Thc system 

involves a c i r c u i t  which measures: c u t o m t l c n l l y  the time required f o r  a 

given weight of water t o  f l o w  throught t h e  system. The apparatus includes 

3 re lays  and a platform bclance with contac ts  a t  t h c  t op  znd bottom o f  t he  

beam swing. Accuracy o f  timing i s  repor ted  t o  he wi th in  - 0.05 
i. 

seconds 

(e )  Equivalent Diameter 

In  t h e  case o f  an annulus, f r i c t i o n  da ta  o f  Carpen-kor, Colburn, 

and Schoenborn' show t h a t  tho appropriato choice o f  diameter f o r  use i n  the 

Reynolds number is the  equivnlcnt hydraulic diametcr,D, b 

- 
De 4 x cross-sec t ioca l  are2 

p cr irnc t cr 

4. K r a t z ,  3. Re, RrOIcth, C.  IT., Christ, C. F., The Therm1 Transfer f r o m  
Slugs +o 3c.ckcts :in6 from Slugs t o  LinersJ 
19 44 

CP-2302, November 7, 

5. Ccrpcntcr, F. G., Colburn, fir P,, Schocnborn, E. Id., Tr. A.1.Ch.E. 42, 
165-187 (1946) 



Us@ of De has a lso been confirmed by the  data o f  Washington and 
6 f o r  heat t ransfer  i n  rectangular ducts, and the  data o f  Green Marks 

and King7 f o r  f la t tened  tubas. 

considerations, Normand mclde calculations o f  average equivalent diameter 

f o r  channels i n  which cross-section changes with length. 

As  p a r t  of c. report  on gaseous f l o w  

8 

For t he  case of p c r n l l e l  plnkes vrhero one dimcnsion of the f l o w  cross- 

section is largc compared with the othcr, the cxprcssion i s  often 

simplified t o  give twice the distance between p l a t e s  f o r  the  equivalent 

hydraulic diameter. 

In an annulus, the equivalent diameter i s  the  difference betwoen the 

larger  and smaller diameters De E D2 - D1. 
Use o f  cquivalent diameter i s  Lndicatcd i n  the sections o f  this report  

on hcat t ransfer  t o  l iquids  i n  an annulus (Part  5 ) ,  hcat t ransfer  t o  f l u i d s  

between pa ra l l e l  p l a t e s  ( P a r t  61, and prcssurc drop (Part  11). 

6. Washington, L., Marks, IT, M., Indc Eng, Cham, 29, 337-345 (1937) 

7. 115-122 (1946) 

8. Normand, C,  E., Gaseous Flow, D-4.440-8, Cm-TEC, August 27, 1946 

-6 - 
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(f) Critical Reynolds Number 

Cr i t i oa l  Reynolds number Rec, has been defined as thc vnlue 

of DV P be low which the f l u i d  flow i n  a system i s  always laminar o r  
i-I 

streamline. 

c i rcu lar  tubes, a s  pointed out by McAdms’ , but it i s  of  i n t e re s t  t o  note 

The Rec is usually considered t o  be of  the order of 2100 f o r  

t h a t  it may have much lowcr vnlues i n  capillnrios.  In June 1945, Myerson 
11 

and Eichcr’’ reported Reo  as low as 400, and, in  December 1945 

reported Re, as low a s  10 in  one case, nnd 100 i n  mother. 

December (1945) report ,  reference v a s  made t o  the  work o f  Ruckesl2 who 

reported Re, as low as 400 with metal ccigillaries (having an 1.D. of  0.04 cm, 

and length o f  150 em.) 

size. This mcty indicate  t h a t  the surface condition influcnccs the thickness 

, thcy 

In t h e i r  

m d  20, of 2000 i n  g l a s s  enpi l lc r ies  of the same 

of the laminar boundary sublayer, wlnich becomes a s ign i f icant  thickness with 

respcct t o  tube d i m c t w  in cnpillarios. This information i s  a l s o  im- 

portant i n  considering t h a  cas8 of f1uj.d f l o w  through porous rraterials. 

9. McAdams, IT. H., Heat ,Transmission, 2nd Ed., iVIcGraw-Eill, New York, 1942, 
p* 100-101. 

10. Myerson, A.9 Eichcr, J., Viscosity o f  Gascous C-616, M-2518, June 30, 
1945 

11. Myersori, k., Eicher, J.3 The Viscosity of Gaseous U r a n i u m  Hexafluoride, 
A-3825, DCC. 26, 1945 

-7- 
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(g) Pressure Drop and F r i c t i o n  Fmtor  

For the case o f  f l u i d  flow i n  a n  annulus, Donovan 
13 reviewed the  

_- 
litercture i n  a mcmorandwn to Br iggs .  

l abo ra to r i e s  i s  confincd pr imar i ly  t o  t h a t  o f  Bankoff and Sanford J 

Scrcda” 

wide range of v e l o c i t i c s  cnd heat  fluxes. 

ilork done on t h i s  case i n  p r o j c c t  
14,15,16 

and Boycr and Gishlcr” , who dctcrmined pressure drops over a 

13., Donovan, J. E., He,at, Transfer a n d  Pressure Drop ip Annular Spaces - A 
L i t e ra tu re  Survey, ORWL Central F i l c s  No. 48-4-411, ?Ionlo t o  
E, 3, Briggs,  h p r i l  27, 1948 

14, B d o f f ,  S. G o ,  Sanford, €I, B., Proasuro Drop i n  Ribbed L m u l i ,  CE-952, - 
Septa 30, 1943 

15. Bellas, H, ?I;, aepor t  f o r  MJO, Tech& 
Res, - Enga Dev. 

16. Bellas, I-:. V., Repor t  f o r  Xonth Biding June 26, 1943, CE-755, Tech. 
Rcs.- Eag. DCP. 

17. Sereda, Po J,, Flow Charac te r i s t i c s  o f  a Durrrmy X-Rod Assembly, CRX-263 

18. Boyor, T. We, Gishlcr, P. E., Pressure Mcassurepx-dx in  Annuli o f  
Ribbed Tubes, MX-184, Nov. 6, 1945 
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Bauer and &rrovr19 r e p o r h d  pressure drop data for air  flow through 

diamond-shape d graphi te  channels, including cont rac t ion  and enlargement 

l o s s e s  and pressure drop with and Idthout slugs i n  the charmclr hir 
20 

v e l o c i t i e s  between 50 and 280 ft;./soc. twrc explored. Larson a l so  

presented da ta  on f l o w  r a t e  and pressure drop i n  opcn and s lug - f i l l ed  

channc 1 s 

Hebert 3~?d K n o w 1 0 s ~ ~  reported dctcrminntions o f  f r i c t i o n  cocff i c i c n t s  

f o r  thc conpressiblc flow o f  steam f o r  Reynolds numbers bctvmn 2000 and 

13,200 

Exanples o f  pressure drop ca l cu la t ions  for p r o j e c t  problems my be found 

as a p p l i e d  t o  t h e  Daniels cxpcrimcntal power pi le22,  high temperature oxide 
23 25 p i l e  and o ther  gas-cooled p a r a l l e l  f l o w  helium cooling , and 

26 sphero beds 4 

19 0 

2 0 r  

22 

2 2 r  

23. 

24. 

25 r 

26. 

Bauer, So G., Morro-?r, ?ioo The Flow o f  A i r  Through Grqh i t e  Channels, 
lWec4?00, Jmp 1Z3 1916 

Larson, R. E,, A i r  Flow Ra-tc Through Open and F i l l e d  '*X" Type Channels, 
CE-2535, December 210 1344 

Robert, S. R., Knowlos, 3; E., F r i e t i o n  Coeff ic ien ts  f o r  tho Compressiblc 
Flow o f  Steam, T~~oc-209, Apr i l  5, 1946 

Palladino, 13. J., Operating Charac t e r i s t i c s  of &lain Circulz t i n g  System, -- 
TdonN-232. Deccrnbcr 27. 1946 

h o r o s i ,  .L.> h a t  Transfer i n  Gas-Cooled P i l e s ,  BIonN-299, Appendix B, 
Kay 29, 1947 

Feld, B. T,, Szi la rd ,  L., Zmxplcs o f  Frossure Drop Calculations in  
Parallel Flow IIelium, Cooli-nE, CP- 3C8 June 18, 1942 -' 

Yowrg, G., Jupa, E. C., F lu id  Flow and iiec",t Transfer i n  Sphere Beds, . 
MUC-GY-31, Apr i l  6, 1945 



Some data and calculations f o r  thc Clinton p i l e  havc been presented 

27 by Leveret$ 4 

28 Martincl l i  and Nelson presented a me'chod f o r  predicting pressure 

drop during forced convection boi l ing o f  watercr  

(h)  Heat Exchanger Dcsign Cclculatioris 

Much work can be done on paper i n  eva lmt ing  heat exchanger 

considcrations, 3,s vwll as i n  the  dcvelopmmt laboretoricsr Typical of  

this type of t r e a t m n t  i s  a report  by b i a t h c s ~ n ~ ~  on tubular heat exchangers 

f o r  a homogeneous rcactor. Since hold-up voluxe i s  an hgor t an t  considcr- 

a t ion i n  this c a m ,  idathesun studied thc e f f ec t s  on hold-up of  the f o l l o w i n g  

variables : 

a. Dirt f i l m  or scale  res is tance 

C. Tube size 

d. Liquid velocity 

The r e p o r t  o f  t h i s  work includes tables  o f  cn lcuht ions  and numerous 

f igures  which s2-m~ t h e  influcnce o f  the variables,  

27. Lcvcrett, $1. C., A i r  Flow and Heat Rc:noval i n  the Clinton Pile, 
Mons-157, August 1946 

28. Pdartimlli,  R. C., Nelson, D. Re, T r .  B.S.1J.E. 70, 695-702 (1948) 

29. Mathcson, J, H. P,, Tubular Hoat Exch~o,ngcrs f o r  a Homogeneous Unit? 

ME439, February 1, I944 - 
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30 Amorosi presented numerous ca l cu la t ions  on design of n gasccooled 

reactor. 

gas passagc area; the e f f e c t  of uncoiiveiitional geomctry; the hea t  t r a n s f e r  

cord i t ions  which a f f e c t  high s p a c i f i c  tfiorm.1 output; and the l imi t a t ions  

on md-wa ica l  designo 

He i l l u s t r a t e d  the  e f f e c t  of  vnrious fzc tors  on p i l s  output and 

A d d i t i o n a l  information i s  prcseii%cd by L ~ v c r e t t ~ ~  011 gas lift coolers ;  
32 33 34 P h i l l i p s  , Feder and Ward on tube shc11 coolers;  P h i l l i p s  and Ward on 

v c r t i o a l  tubo, f a l l i n g  f i l m  coolcrs; 

hor izonta l  f i l m ,  trombone coolers; lq&xwt and W ~ r d ~ ~ o n  a"Gcyser" cooled p i l e .  

K r e ~ s ~ ~  a l s o  presented calculn%ions on t h e  f a l l i n g  f i l m  type exchanger, and 

Fcder and T?~j,z-d~~, and Stanley 36 on 

includcd some cxpcrimcntnl data on maximum flow rates 2nd gas-rclense, 

30. Amorosi, A., Heat Transfer i n  Gas-Cooled P i l e s ,  NonM-239 May 29, 1947 
7' 

(See a l s o  MonN-383) 

31. Lcverott, M. C,, Enriched P i l c -  k g i n e e r i n g  Considerations I, February 
e.-- 

6, 1945 (Clinton Lzkboratcrios LIcmorandum) 

32. Phillips, B* E., Enriched P i l e -  Engineering Considcrations II,, Apri l  12, 
1945 (Clinton L&orr.torics' lbrmrandum) 

33. Feder, H. Ma, VSrd, F* R., Enriched P i l e  -Engineering Considcrations 
1143, June 12, 1945 (Clin-toii fiaboratorie s 2dcmorandum) 

34, Phi l l i p s ,  Be E. , Ward, F. r?,, h r i c h c d  Pile-Engineering Considerctions 
111: S t u d i e s  of V e r t i c a l  Tube F a l l i n g  Film Coo1ers, June 14, 1945 
{Clinton Laboratories Xunorandum) 

Studies on the HQrizoi i ta l  Film Type Cooler  (Tron3onc 
-(Clinton L a b o r a t o r i e s  Mmorandum) 

on t h e  Horizontal  Film T- e Coolcr (T.rornbone)i September 26, 1945, 

35. Feder, E. Id., Ward, F. R,, Ehriched Pi1.e -Engineering Considerations V: 
Ju ly  13, 1945 

Stnnley, Ti, M., Supplement "A" t o  Engimering Consideration V': Studies 

1, 
36. 

1-0 * s henoranam) 

37. 

38. 

Lbnet, bI., Ward, F. Re, k i c h c d  Pilc-Engineering Considerations IV- The 
''Geyser" Pi l e ,  June 28, 1945 (Clinton Laboratories Mernor,andwn) 

Qcss, B. AI, F a l l i r g  Film I b a t  Exchanger, CE-3505, May 30, 1945 

- 
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~ o m g ~ ~ * ~ ~  m d  Sch1cgel4’ presented t h c o r o t i c d  work npplicnblc t o  f a l l i n g  

f i l r n  exchangers nnd experimental data arc mntioned by La~vrcnce~‘ and 
43 

Dempster 

Considcrations involving such problems ns thc  e f f ec t  of  velocity, 

hcat  t ransfer  coeff ic ients ,  pi?ing length, etc., on holdup ham bcen 

44 45 presontcd by young (Young a l s o  discusses re la tcd  p i l c  problems such as 

e f f e c t  of temperature level on p i l e  character is t ics ,  p i l e  tcmperature f o r  
46 grea tes t  output, and decomposition o f  p i l c  mater.) 

presented a mathematical examinntion of an ideal ized heat exchmger. 

Another paper by Yomg 

Huffknan47, and Ward and  I ~ c i l l s ~ ~  published design data furnished by 

t h e  Andale Company, and included considerations regarding the choice o f  hcat 

exchanger types and optimum cooling systcms. 

39. Young, Galc, Sone Notes on Fal l ing Films, BiUC-GY-30, March 2, 1945 

40. Young, G ~ c ,  P i l c  Design Group,.CF’-2926, A p r i l  15, 1945 

41,. Schlegel, R., Evaporation o f  Bissolvcd GQ.S f r o m  Water i n  n Xcat 
Exchanger, CP-3062, JGc 23, 1915 

Ending August 1, 1944,’ MPTcc 1, k g u s t  1, 1944 
42. Lawrence, G, C., P) ~cclmibn1 Physics Division Progress Report f o r  Month 

43. Dempster,’B. J., Rcport f o r  IIon.tl.1 Znding h - c h  15, 1945- Par t  I, 
CF-2796, Narch 15, 1945 

44. 

45. 

46. Young, G., P i l e  H2at Exchanger Calculations, CP-2701, Feb. 14, 1945 

Young, GI, P i l c  Heat Exchanger Systcm, CP-80’7, July 22, 1913 

Young, GI, P i l c  Heat Exchangcr System-Part 11, CP-807 (II),, hug’. 6, 1943 

47, Huffman, 31 R w ~  Max,imwn Ut i l iza t ion  of  P-9 i n  Homogcneous Slurry Pi les ,  
CE-1143, Dcccmbor 15, 1943 

48. Ward, F, R,, ITciPls, JI T,, P-9 Ut i l iza t ion  i n  S l u r r y  P i l e  Cooling 
System, CT-969, Oct. 5, 1943 
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Some heat t ransfer  calculct ions f o r  t he  Clinton p i l e  ham been presented 

by L e v ~ r e t t ~ ~ ~ ~  Young d iscussed  various cooling proposals f o r  reac%ors.\ 

A paper by &rush and Young52 i s  par t icu lar ly  recomendcd f o r  background 

material  on energy removal from piles .  

A f cw coments wcre loca ted  on cooling with graphite but no 

f i n a l  report  of the project  appears t o  bc available,  

Additional references tk i ch  nay be uscful  i n  the design of  heat 

exchangers a re  notcd i n  Par t s  7 and 10 o f  t h i s  report. 

( i )  Thermocouples 

A few references 0% thernocoxplcs arc included i n  view o f  the f a c t  

t h a t  e r rors  i n  expcrimental data are frcquontly due to an impropcr thermo- 

couple ins ta l la t ion ,  &oghs4 has pointed ou t  a fcw pert inent  f a c t s  on the 

selection, appl icat ionj  and  l imitat ions o f  thermocouples; and Roberts and 

V ~ g o l s a n g ~ ~  presented a discussion on select ion and i n s t a l l a t i o n  o f  

thermocouple l ead  wircsr 

49. Loverctt, Id* CI, Air Flow and Beat Removal i n  the  Clinton Pile, 
MOulN-157, August 1946 

Young, G., Some Not,cs on Cool%ng,Stre+?ms, C,L-GY+?, April  9, 1947 

5 l U  Young, G., The Various Cooling Proposnls, I'mo 8, (No date-shown) 

52. 

, 

Karush, IT., Young, G,, Energy Removcl f r o m  Piles, ponP*147, July 30, 
1946 

53. Lcwis, Wi K1, Xoor6, T b  V,, e t  nl, Cooling with Graphite Powder, 
CS-215, &gust 4, 1942 - 

54. Krogh, A* E., Instrumentation 1, Noa 4, 27-29 (1945) 

550 Robcrts, C. C., Vogelsnng, C. Le, Instrumentation 2, No. 5, 27-30 
(1946) 
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Lancaster and Brmottj6 described L? technique f o r  cal ibrat ing a couple for 

temperatures between 32 and 1300 O F a  

deviation of 0.06 F, 

ht about 850 OF. they reported a 

as t h e  depth o f  imxersion of z-\ couple in sulphur 0 

vapor was changed f r o m  4 t o  1% inchesc 

Cichelli5' t r ea t ed  several typ ica l  cases f o r  design o f  a r e l i ab le  

tempcrature measuring elcncnt (thermacouplc o r  thermnometar i n s t a l l a t ion )  

f o r  measuring gas ternpernturesr Boclter and L 0 ~ k h a r . t ; ~ ~  presented a report  

on the conduction e r ror  observed i n  measuring surface tempercture.. 

Ln a project  report, Kratz,. Schlogel, and Christs9 outlined a procedure 

f o r  soldering thermocouples in a tube w a l l , ,  so as t o  get; good thermal 

contact but n o t  t o  d i s t o r t  tihe surfaco on the outside o f  the tube, Krieth 

and Summcrfield" describe a tccliniquc f o r  i n s t a l l i ng  tube-wall thermocouples 

by a nethod involving pcening the -:-ires i n  place and insuring contact by 
means of discharging a spot welder through the junction.. 

57. Cichel l i  , Me TI, I n d w ,  1032-1039 (1948) 

58* 

-. 

Baelter, LI I.W.,. Loc&art, R. YJ., A n  hves t igz t ion  o f  Ai rcraf t  Heaters, 
";ocxVII Thdrmocouple Conduction- Error  Ob-served i n  Measuring 
Surface Temperature", NACA /"Fpili, February 1946 

59. Kratz,  Re, Schlegel,,Rm, Christ, C*.F., T h e m 1  Transfer t o  an 
iinnular3later Stream i n  the Neighborhood o f  a Rib, CP-2313, (Fig. 3 )  
NOT. 10, 1944 

60, Krieth, F., Summerfield+ I.?.* Investigation of Heat Transfer a t  High 
Heat Flux Densities : 
in fumulusj Appcndix A, 'Progress Report No. 4-65, J e t  Propulsion 
Laboratory, I Cnlifornia Ins t i t u t e  o f  Technology, Pasadena, California. 

Li terature  .Survey and Experimental S h , d f  

I---*- 

-31: ".. 



h o t h e r  wall-temperature measuring device ( induction thermometer) 

i s  discussed e a r l i e r  i n  t h i s  section o f  t h c  repor t .  

l!IoAdmG1 r e f e r r e d  t o  several sources  f o r  a d d i t i o n a l  information 

on the rmcoup les  and made a fow coments on thermocouple e r r o r s  due t o  

rad ia t ion .  

61, l.lcAdnrnS, IT. H., H e h t  Tr,msmis+ 2nd Ed., tIcGrawJIi11, New York, 
1942, p e  149-152, 223-225. 
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PART 1 2  

Since  water  i s  widely used a s  a coolant,  it i s  f requent ly  convenient 

t o  des igners  t o  have a compilation of‘ *lie physical  p rope r t i e s  o f  water  

and water  n p o r .  

r e p o r t  t he  phys ica l  p r o p e r t i e s  useful  i n  h e a t  kransfer  c a l c u l a t i o n s .  A s  

one would exFect, cons iderable  doubt e x i s t s  regarding absolu te  values  o f  

t h e  p r o p e r t i e s  i n  t h e  v i c i n i t y  o f  t h e  c r i t i c a l  point. 

An a t t e q t  has  been made t o  include i n  t h i s  p a r t  of t h e  

For ther-,al. conduct iv i ty  o f  l i q u i d  mater, t h e  d a t a  o f  Ba r ra t t  and 

!Tettle-ton;l! l i a r t i n  and brig', and Schrnidt and Sc:lss:lopp4 a r e  sIiewn on 

Figure  12-1 a s  t aken  f r o m  Dorsey’ . 
a r e  i n  agreement with S c h l i d t  and 3ellsshopp and they a r e  shown on Figure  

12-2 a s  taken  f r o n  tile t r a n s l a t i o n  by E;, h. Gardner o f  the Griscon- 

Russell Company. 

01: Figure  12-3 a r e  t;a!-en from a -i;ransi;i;ion by G z r h e r  of another  paper by 

Timro  t and Var .;af?-ik‘ . 

The da ta  o f  T i r r o t  and Yargaftik‘ 

The p l o t s  of  -i;her;ial CGndUCt;’Jit~ of vrater vapor a s  shown 

V i s c o s i t y  c f  water  a t  atmospheric r r e s s u r e  i s  shxm oa Figure  12-4 as 

For temperatures  g r e a t e r  thar, 212 F,, da t a  which 0 comFiled by DorseylS7 

Dorsey c o q i l e c i  were adapted p r i n a r i l y  from the  work o f  S igvar t8  and 

Snugayev 9 iiawkins, Sibbi t t ; ,  and Solbergf3 r e c e n t l y  publ ished a paper 

-:Aich s w m z r i z e s  the  v i s c o s i t y  da t a  a v a i l a b l e  f o r  s a t u r a t c d  water  and 

steam, Figure 12-5 shows a p l o t  of the da ta  02 Shugayev’ , Rawkins 

et a113, li ti 12 , S i p a r t  , and T i r n r G t  f o r  s a t u r a t e d  water. Vnlues f o r  

a conqressed -;rater o r e  sho;ni oa  Figure 12-6, utilizing t h e  da t a  o f  S-jrgwart 



as presented  by Doysey'. 

Data f o r  v i s c o s i t y  o f  -miter vapor a r e  shown on Figure 12-7. I t  i s  

apparent  from Figure  12-7 a d  Figure 12-5 t h a t  $here i s  a considerable 

discrepa,ncy i n  t h e  v iscos i t j r  d a t a  r epor t ed  near  t h e  c r i t i c 2 1  t cnpe ra tu re  

f o r  boYn l i q u i d  water  and water  vapor.  

T i m o t  

datal ' for the sa tu ra tod  vci?or. 

S ince  the da ta  o f  Sig.vart8 and 

agree f o r  the  s a h r a t e c i  l i q u i d ,  confidence i s  placed i n  Tiinort * s  1 2  

Tie o t k r  da t a  s!iovm ii-! Figure 12-7 f o r  the 

s a t u r a t e d  vapor were presented  by iIaxkins, doiberg,  and P9ttar14. 

1 Dorsey- and Keenan and Keyes15present data f o r  hea t  capac i ty  of 

l i qu id  vrater and water  vapor. F igure  12-8 i s  a pflst o f  t h e  heat capaciky 

o f  l i q u i d  vmtor a s  prepared by N. I'. Lansing* froln da t a  i n  %he roferences  

noted  above. 

taken  from ICennan and lieyes. 

Figure 12-9 i s  a p l o t  of h e a t  capnci-tq o f  water vepor as 

Prand t l  a m b e r ,  .Cp , vms ca lcu la tod  f o r  l i q u i d  water as a f u r c t i o n  
ic 

o f  temperature,  an6 the  values 81-2 p lo -c t cd  on r"ir;ure 12-10. For high  

temperatures ,  npproxLmte va lues  of P r a a d t l  rimber are sho-m on Figure 

12-11  . Approximate P r a n d t l  nwtbers f o r  m.ker vapor are shown on F i g w e  

12-12. 

N.F. Lansing* and W. L, S i b b i t t * *  made m.ny contr ibut ior is  -to t h i s  
sec t ior ,  o f  t h e  r o p w t .  G, Johnstone* pcrforniscl I part o f  thc 
c a l c u l a t i o n s  for P r a n d t l  nuiinbcr. Gtiier aci;no~~~lcd6r~crits  ~ v l i i c h  apply 
to t h e  e x t i r e  r e p o r t  m y  be found 5 . ~  P a r t  I. 

*Oak R i d g e  Ncti.ona1 LcSorztory, Oak Ridge, Tennessee 
**Cepartncnt o f  ; .kchi l ice  1 Engineering, Pur&de i 'ulivcrsity, 

Lafaye t tc ,  Indiana,  

-2 - 
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PHYSICAL PROPERTIES OF LIQUID fSZCW.S 

Heat t r a n s f s r  t o  l i q u i d  metals by csmbined conduction and forced 

convection i s  discussed i n  P a r t  4 of this r epor t .  Included i n  this 
I 

p a r t  are p l o t s  of t h e  physical  p r o p e r t i e s  o f  sodium-potassiuq a l l o y  and 

mercury. The data a r e  believec;i t o  be the best available a t  'c'fle present 

time, but t h e  da%a f o r  sodium-potassium a l l o y  a r e  l i k e l y  t o  be rev ise?  i n  

t h e  near f u t u r e ,  
J /  

Data f o r  t h e  f2l lovin.g f i g u r e s  were taken f r o m  Exing, Werner, King 
1 

and Tidbal l .  Their references are as f3llavs: 

Viscos i ty  - -;;-1L-C-3105 ( A p r i l  1947) 

Density - -EL-P-3 01 0 

I leat  Capacity - NXL-C-3152 ( J ~ l y  1947) 

Thermal conductivity- lJFtL-G-3152 ( July 1947) 

-7 1. Ewing, C. T., Werner, R. C., King, h. C., Tidball, R, A . ,  
Quarterly Prowess  Report Xo, S on the h;easuren'ent o f  the  Physical 
and Chz'mical P,rope,rties of Sodium-Potaesium Alloy, ZBL. Report No. 
C-3243 Naval' Research Laboratory, February 251 1948; 
-3 
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?ART 13 

P E S  ICAL PROPERTIES OF LIQU 13 id3TIiLS 

The Physical Prope r t i e s  of Mercury 

The data 

by Xusser and 

I ia l l  and the  3 

shown 02 the Polloilring f i g u r e  vmre taken f r o m  8 thesis 

T'neir references f o r  t h e  da t a  were a paper by 

4 1.C.T. 

2. Xusser, R. J., Page, Vi. R., Heat Transfer t o  Xercury, Id. S, 
Thesis, Xassachusetts Institute o f  Technology, 1947. 

3 .  Hall, T i 9  C,, Physical  Review 53, 1004 (1938) 

4, In t e rna t iona l  C r i t i c a l  Tables, 3icGrar~-Eill, New York,  1933. 

- 
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PART 14 

PIES1 GAL PROPERTIES OF GASES 

. 
The section ( a )  of %his  p a r t  of the repor t  i s  devoted t o  physical 

proper t ies  of gaseous uranium hexafluoride. The proper t ies  skooilld be 

used w i t h  l i t t l e  confidence a t  high tem?eratures, f o r  l a r g e  ex t rapola t ions  

have been employed. 

Section ( b )  includes data  f o r  carbon dioxide, carbon monoxide, a i r ,  

oxygen, ni t rogen,  and hjdrogen. 

(a )  Physicxi1 P rope r t i e s  of Gaseous U r a n i u m  Hexafluoride 

(These Cata a lso  appear i n  t h e  Appendix of Heat Transfer f r o m  
H ~ X ,  by W. B. iIEtrriscm.1 
_I 

Remarks on Extrapolation o f  Physical Prope r t i e s  o f  Hex 

A-753 states t h a t  gaseous hex nay be considered a s  a pe r fec t  gas 

between temperature o f  18' and 50* C. and p r e s s u r e s  o f  1.6 and 520 me 

This f a c i l i t a t e s  ca l cu la t ions  for dens i ty  and lend; cnLifldcnce to t h e  

extrapolation of physical proper t ies  f q r  higher tcmpe: atures. 

e f fec t  of p r e s s x e  has been neglected i n  e x t r a p o l a t i n g  a l l  physical  

The 

p rope r t i e s  except dcnsi'cy. 
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Thermal Conductivity - k 

From Figure 14-1, it may be scon that the thermal conductivity da ta  

avai lable  c o - n r  a rclativoly small range o f  termperaturos, making an 

accurate ex t rapola t ion  d i f f i c u l t ,  In addition t o  the da ta  p lo t tcd ,  fJ-466 

gives tkLe following equation : 

0 
cv = heat capacity a t  constant -roltum i n  cal./gn.-mol. C. 

0 
cp 2 cv 4 R where R = 1.99 cal./gm.-mol. C r  

This equation p r e d i c t s  t h a t  k 5 3.7 x IOu3  Btu/hr.fte2 ('F./ft.) a t  

32' F. and k =?5.15 x 10 Btv.,hr.ft.  ( F./ft.) a t  212 F* Thcso 
-3 2 0  0 

values a r c  i n  f a i r  agreement wi th  thc d a h  s h m . ~  but appear t o  be incrmsing  

t o o  r a p i d l y  with tempcraturc. Dependence on v i s c o s i t y  and heat  capacity 

evaluations mako t h i s  cquot icn  widesirablo s i n c s  t h e s e  propcrtios must 

d s o  bc extrcpolatcd.  





2 
It was ducidcd to usc t h e  Suthcrland type of cquitL.m f o r  c x t r a w l c t i n g  

the thermal conduct iv i ty  and viscositj. .  Although LRG-64 suggests a 

Suthe r l a id  constant of  182 for usc with Rankine tempcrr,tures (101 f o r  use 

with Kelvin t cmpara tures) ,  a value of 350 was founci t o  give  b e t t e r  agrcT2- 

ment w i t h  tho data.  3.65 x low3 Bt i : / h ro f t  

('F./ft.) a t  3Z0F., Figure 14-3 shows the  f ac to r  b;. which this  must; be 

2 If one se lec ts  a value of k = 

mul-t ipl icd t o  cstimate t h c  thermal. conductivity at any tomnpcraturc. 

t h e r m a l  conductivitgr e q u a t i o n  has t h c  i 'ollmiing form:  

T'ne 

o where T i s  tompcrnturc i n  R. 

V i s c o s i t v  I u 

A s  silown is Figure 14-2, Jata for visc3sity zrc fnirly cousistcnt. 

The f o l l o v i n g  t a b l e  shows a conparison of scvcrnl equntions for. calculctinG 

the viscosity of hex: 

-4- 
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-2 0 
IC o m  assv.rnes f i  = 3.S5xlO ib*/TL.hr-, at. 32  F. and L c o n s t m i ;  of 350, 

t h c  Suthcr land c q m t i o n  takes t h c  f~llowing f o r m :  

Using Figiwc 14-3 t o  ob tz in  t h c  f a c t o r  by ~ . % i c h , ~ ( 3 2  

n u l t i p l i e d  ts t;stli?lt. te viscosity a t  ani7 tcxc ,c ra twc,  onc fifids that;< (Z22 P) 

- 6.25 Ib./~t.hr. 

Heat Capacity - c, 

O F )  nust  bc 
0 

or  
-5 3 0 

0 0.0921 + 1.252:dO T - 2.95~10 E-l;u/lb. F. 
Td 

P 

T i n  'R. 

Figurc 14-5 i s  a p l o t  o f  heat capac i ty  f o r  an extended tempcra%.xrc range. 

Densi ty  - P 
In accord vrilil~ t h e  ass i . rpt ix1 t h a t  hex i.s an i d e a l  gas (A-753), t h e  density 

Of hex at 10 a t m .  pressure tras c3lsula-tccl 2nd ? l o t t e d  as zhoxvn in Figurc 14-6. 

C 
P r a n d t l  Number - 2 /cI , Pr 

k 
Reynolds Number - D V P  , Ro 





LI'O 91'0 s 1'0 b1'0 €1'0 11.0 01'0 600 80'0 



6 8 1 9 c f i 0 
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In order t o  f z c i l i t a t c  c s t i n m t i o r ,  of hea t  trcnsf(,r  by ficx i n  forced 

convection, a p l o t  of P r  ca lcu la ted  f r o n  thc ex t rapola ted  proper t ics  is 

shown on Figure 14-7. / o / h  i s  

p l o t t e d  on Figure 144. 

For usc i n  c c % l c u l a t i o n s  involving Reb 

Emissivity - 
In  CNL-39,. i n f r a red  absorption dnta wure used t o  e s t i m t e  emiss iv i ty  

(6 ) of hex . Thc values a r e  considcred t o  be very rough, but they may 

serve as  estimatcs uitil b e t t e r  dntc a re  availfible. A p l o t  o f  estimated 

maximum emiss iv i ty  i s  shown on Figure 14-9. 

(b) Physical Prope r t i e s  of A i r ,  Hydrogen, Mitrogcn, Oxjrgen, Carbon 
Dioxide, and Carbon Monoxide. 

The data shown on thi-: following f igu res  were taken from a 

3 publ ica t ion  by Tribus and Booltcr . 
capacity, thermal conductivity, v i s c o s i t y  cnd Prnndtl  number, and t h y  

a ro  indcpcndent of pressure between 5 m. 

atmospheres. 

The proper t ies  p l o t t e d  a re  hea t  

of  mercury aad 2 

4 Rievvc and Rompe prcsentod appl ica t ion  o f  the d i f fus ion  theory in  

taking i n t o  account t he  e f f e c t  o f  k ine t i c ,  d i s soc ia t ion  2nd ion iza t ion  

energy t r anspor t  f o r  cc l cu la t ion  o f  thermal conductivity of gases a t  

high temperature e 
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In a rcccnt publication5 , a scr ics  of n r t i c l c s  was prcscntcd on 

propcrtios of gnscs as  indicated bclov~:  

Molcculcr constant - G. Herzbcrg 

Thcrmodynnmic propcrt ies  - F. De nossini  

Vapor pressure, spec i f ic  vol~unc- PVT data- F, Gratch, F. Ge Keyos 

Dic lcc t r ic  constant, r c f r cc t iv i ty -  J, G a  I d i l l s r  

Joulc-.  ThWon cffccts- 5. La Johnston, Dct-id IJhitc 

Viscosity, Thermal conductivity* G, 8. H:wkins 

-22- 



ORXL 156-14 

PART 14- BIBLIOGRIIYII" 

I. Barrison, V. B., Boat  Trnnsfcr from Hcx, CWL-33, A p r i l  14, 1948 -- 
2. EicAdarns, Vi. Ii., ?cat  Transmission, 2nd E&, McGrm-~I i I . l ,  New York, 

1942, ?, 21 

- 7  3. Tribus, Bocl ter ,  L. I!. K., A,?? Investigation of  Aircraf t  IIcatcrs, 
"I1 - Pro ,nr t ies  o f  Gcses", XACA, October , 1942 

4. Riewc, IC, 31.9 Iiompc, R., Z. Physik 105, 473-36 (1937) 



OXXL 156-15 

PART 1 5  

WdRENCES FOR PHYSICLL PROPERTIES 

17. B. Harrison 
October 1, 1948 

- I. - 



ORXL 156-15 

REF’?BENCZS FOB PIIYS I CAL PROPBIT IES 

The rcforenccs noted i n  t h i s  section a r e  i n  addi t ion  51 those givcn 

i n  P a r t s  2 and 3 on graphi te  blocks and nugnesiu3 oxide p e l l e t s ,  and i n  

P a r t s  12 ,  13, and 14 on water, socliux-potassi-m a l loy ,  mercury, - gascclns 

uranium hexafluoridc and scvcrnl other’ gases. No e f f o r t  has  been made t o  

c r i t i c a l l y  evaluatc the  da ta  i a  fallowixg rc;:orts, but tho  refcrenccs a r e  

included as a by-p-oduct o f  the  search f o r  hea t  t r a n s f e r  data,  The 

prope r t i e s  which attracted a t ’mi t im  t o  thcsc r e p o r t s  are thermal conduct- 

i v i t y  and s p e c i f i c  hea t  f3r so l id s ,  and these two prope r t i e s  along with 

v i s c o s i t y  and dens i ty  f o r  l i cp ids .  One papcr on emiss iv i ty  o f  uranium i s  

a l s o  noted. 

U r a n i u m  and UraniuT- conpounds 

Agron, P. A., Taylor, A. I€., The Therm1 Conductivity o f  Urnniuq 
Hexafluoride, XDDC-1747) February 18, 1948 

Ferguson, 11. J., Rands, Jr, R e  Do, Spec i f i c  iicat, Entropy, 2nd 
Enthalpy, A 4 3  56, 

Gregory, Na W., Thcrmal Analysis Studios ori U I q  nnr! L W 3  I, BC-13, 
August 13, 1946 
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Johnson, H., Bibliography on Physical Properties o f  Kcx, A-1297, 
July 10* 1944 

Kratz, H, R., Raoth, C. II,, The Thermal Conductivity of  Uranim, 
CP-2315, December 18, 1944 

P l o t t ,  R, F., Raeth, C, H., Determination o f  the Tbrrnal .Conductivity 
and Density of Tubealloy 2nd Some of i t s  Compounds,- (2-228 C27& 
August 24, 1942 

Pr ies t ,  H. F., Thermal Conductivity o f  C-616, k-2142, Octobor 13, 1944 

Raeth, C, H., Thermal Conduct ivi ty  of Ei-ht SDccimns o f  X-Xetal and 
X n s m o  t o  m d w ] ,  Tiarch 9, 1945 

Schlcgel, R. , Conductiirity Mcasurcmnts , fkmo tc, Ohlinger, N-1880 ( C T )  
WC-RS-4, Jnmuary 20, 1945 

Ilahlin, H, B., -_I_ Emissivity and Tenpcrp.-ture Scolc  f o r  'ciacuun Heated 
Uranium, CT-2149, September 12, 1944 

Thoriwn- 

Arms, HI SI, Budson, 2. P,, Tlierr.;al Conductivity of  Thorium "Carbonate" 
Pa l l e t s  , MTcc-190, Novcmbcr 9, 1945 

Krotz, H., Thermal Conductivity of Thorium, N-1493, flugust 15, 1944 

Stcarns, J, C,, Rcpor t  f o r  Month Ending August 28, 1944-Part -' I CP-2020, 
August 26, 1944 

Graphite - 
Lane, J, A,, Thcrrml Conductivity of Graphite ic t h o  Pile,  CE-1217, 

January 17, 1944 
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Leaf, B,, Novick, L., Xeasurcmcnts of Spec i f ic  Roat o f  Graphite : 
Dcterminction of Energy Storcd,During Fast Ncutron Bombardment, 
CC-3086, -July 2, 1945 

V a n  Dykcn, A. Rm, Neubcrt, T . J a ,  The Thcrmal Conductivity o f  Graphite, 
CC-1667, ?day 8, 1944 

Uiscellarieous- 

h n t l e y ,  Robert, Brown, Gcorge, Sciilcgcl, Richard, Physical Constants 
of Proposed Coolants, ( B i ,  Pb, Bi-Pb allciy, L i ,  Iig, K, K-Na alloys,  
Na, 'Th, Diphenyl, Dowtherm, fluorocarbons, hex (UF6), Sulfur, A i r 5  
He, water vctpor.), CP-3061, JUC: 27, 1945 

Menkc, J. R,, Sodium-Rubidium Alloys, CXL-5, January 8 ,  1948 

Iiaeth, C. H., The Thermal Conductivity of Some Pr9,jec-t Idcrterials, 
(boryllium, thorium, graphi te ) ,  CP-2332, Deccmber 7, 1944 

Russell ,  H, :lo, Dccm, Re, Determination o f  thc Thermal Conductivity 
of  Na-K A l l o y  ai; Elevated Tcmpcratures --' I iDDC-342, Scptembor 27, 1916 

Gibbi t t ,  J. &., lhn Evaluation of Zirconium as a Struckural ;!aterial 
f o r  iligh Temperature Thermal P i l e s ,  ORNL-11, Jaiiuary 9, 1948 

Snyder, T. LI., Kam, 3, L., ;Icasurcnent o f  Sone Physical P r o p c r t l e s  
o f  Tcchnoloaicnlly Im3ortant Substances (graphi te ,  BcO, USOR, UO?, 

1-iatson, T i e  i f . ,  Ibatz ,  €1, R, ,  R e p o r t  f o r  Ebnth Ending June 23, 1941- - - 
P a r t  I (beryllium), CP-1811, July 1944 

iloollsy, H, iI,, Brichveddc, F. G., Heat Transfer Coefficient f o r  
Hydrogen Flowing through a Tube a t   LO:^ Temperatures, 11-381, 
DecemSer 3 ,  1942 
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PART 16 

COlLEjARISON OF COOLAWTS 

It is frequently desirable t o  compare coolant2 ii1 o r d e r  t o  determine 

which coolan ts  show the m D s t  promise with regard to a g iven  b a s i s .  

1 Off the  p r o j e c t ,  Parsons and Gaffncy presented 2 method f o r  rclating 

heat t ransfor  c o e f f i c i e n t s  and pmpiilg pov:er, nlzd Stocver2 published a 

book conta in ing  many graphs which f'acili-Late m&ing quick comparisons o f  

c o e f f i c i e n t s  f o r  a number of f l u i d s  i n  onch o f  several  s p c c i f i c d  hcst  

t r a n s f e r  systems. 

In two p r o  j c c t  reports ,  Burton334 and Davis3 presented  cons idera t ions  

for comparing f l u i d s  on t h e  S R S ~ S  of absorp t ion  of  thermal neutrons p e r  

unit  of heat capacity.  

B. NI. B o n r t s  examined several coolants with h e a t  transfer coefficient 

per  unit v e l o c i t y  as a basis, and t h c  results of  his comparison arc 

included in s o c t i o n  ( a )  of t h i s  part of  the r epor t .  

Presented i n  s e c t i o n  (b) ,  the method of R. W, Lyon f o r  eva lua t ing  p i l c  

coolants i s  based on advantage f a c t o r s  involving pumping power, cross- 

s e c t i o n  f o r  thermal neutrons and permissible %emaperatwe range. 

-1- A 
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( a )  W T  TRAXSFF8 12 T-UBES OR SI~IILAR CIiAiKTELS 

Comparison of Reat Transfer Cocfficj m-t; for Fluids  i n  Forced 
Convection Under Similar Conditions 

By R. U, B o a r t s "  

Assumptions- %eat  i s  t r ans fe r r ed  by f o r c c d  convec t ion  without bo i l i ng  

and calculations wcrc made wi th  Dit%us nnd Boelter Equation. 

F lu id  i s  flowing i n  p ipcs  o r  s imi l c r  channels. 

Values - shown f o r  comparison only-  are s l i d o  ru le  computations and 

should no t  be used f o r  d c s i g n  calculations.  hi evaluating a f l u i d  as n 

h e a t  t r a n s f e r  agent, the s p c c i f i c  h e a t  i s  important because it in- 

d i ca t e s  the quant i ty  of hea t  t h a t  can be removed pe r  u n i t  weight of 

f l u i d  heated one degree. 

FOR TABLE - -- 
Column A - Fluid  considered. 

Column B - Temperature of f l u i d ,  OC. 

Column C - Spec i f i c  hcnt,  approx., i n  c a l o r i e s  pe r  
gram f o r  one dcgrcc Centigrade. 

3 Column D - Heat  Transfer Coeff ic icn t  x 10 i n  met r ic  
units f o r  unit  mass v c l o c i t y  G expressed 
as mi% n e t r i c  weight of fluid f l o  ing i n  
mi-t a r m  channel, Shown as 1-1 x 10' i n  C o l m  4, 
Table I, i i e p o r t  CP-3O6l5, 
channels, m u l t i p v  53r'  G C * ~ / D O * ~  

For  o ther  f lows  and 

-2 - 
*Chemical Engineering Dcpartmnk, 
University of Tennessee, EZnomille, Temcssee 
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Column E - Ratio of  u n i t  mass velocity cocfficicnt of 
Column D to the same value  f o r  vrater at 50oC 
(122" F). 
unit T B I G K T  in the samc chamicl. 

This i s  a comparison with vmtcr per 

Colwnn F - This i s  Column D co r roc tcd  f o r  density, Po" , 
t o  convert t o  a heat  t rcnsfer  cocf f ic icn t  per 
unit metric l i nea r  VELOCITY i n  a u n i t  channcl. 
Shown as H x lo2 
over, that gas veloci ty  i s  normally f r o m  
100-6GO f c c t  per sccond ivhcrc9s l i q u i d  w a t e r  
volocibJ i s  normally 3- 1 2  f e e t  pe r  second. 
Project l iquid veloci t ies  arc mich higherc 
valucs cre shown f o r  onc nrid t e n  atmospheres 
p r  c s su.m s . 

L in Rcport  CP-3O6l5 . Note, hovr- 

Gas 

Column G .I Ratio o f  cocff ic icnt  f o r  f l u i d  a t  u n i t  l inear  
VELOCITY (Colunm F)  t o  value f o r  watcr a t  50' C r  
(122OF). 
normally be some 50 times grcntcr. 

Note again that gc,s ve loc i t i e s  w o u l d  
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A B C D E F G Rcmrks 

B isniuth 

Bismuth 

Lead 

Load 

hler c w y  

Mercury 

A hlcrcury 
f 

Sodium 

Sodium 

Sodium 

Dowthcrm 

Dowthcrm 

Diphcnyl 

Diphenyl 

J o t c r  

Water 

'Nz-tc r 

300' 

500" 

350 

700 

50 

150 

350 

100 

200 

350 

150 

3 70 

70 

100 

30 

50 

80 

e0365 

-0365 

,0328 

a0328 

a0329 

DO323 

,0329 

Om326 

0.326 

- 
0.50 

0.68 

0,414 

0.425 

L O  

1-0 

1.0 

4,7 

5.3 

3m5 

3 .rJ 

3.3 

4*l  

5.3 

41.0 

4 8 e o  

54.0 

1.0 

1.5 

O m  7 

01 8 

3.2 

3.- 8 

4.A 7 

1.24 

1.40 

0 a92 

0.79 

0.87 

la06  

1 .GO 

10.80 

1 2 - 6 3  

14 l 20 

0.26 

Om39 

0.18 

0.21 

0.85 

1.00 

1.24 

- 

3 

3.2 

2.3 

1.9 

2 a 6  

3.2 

4.al 

3.3 

4.5 

4 e 8  

0.10 

0.12 

0.07 

0.08 

0.32 

0.38 

0.47 

7.9 

8.4 

6.1 

5 a 0  

6.8 

8 .4 

10.8 

10.2 

11.8 

12.6 

0m26 

0.32 

0.38 

0.21 

0.84 

1 moo Bas is - 
1.24 
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A pi C D E I? G Hem rks 

Water 

‘$iatar Vapor 

Vfcter Vapor 

Water Vapor 

Watcr Vapor 

Via t cr V2.p o r 

‘dater Vapor 

iiir 

A i r  

A i r  

A i r  

A i r  

A i r  

He 1 ium 

Helium 

Helium 

I3cliwn 

I 
WI 

I 

100 

1’30 

100 

300 

3 00 

500 

500 

100 

100 

300 

300 

540 

540 

0 

0 

200 

200 

1.0 

0.48 

0.48 

0 e48 

0.48 

0.49 

0849 

0.240 

08243 

0 243 

08243 

0.245 

08 245 

1.24 

1024 

1.24 

1.24 

5 04 

1.8 

1.8 

2.1 

2.1 

2.6 

2.6 

1.3 

1.3 

1.4 

1.4 

l r 7  

1.7 

6.5 

6.5 

7 .O 

7 00 

1.42 

0.47 

0.47 

0.55 

0.55 

0.68 

0.68 

0.34 

0.34 

0 . 3 ‘7 

0.37 

0 045 

0.45 

1.70 

1 .?O 

l o 8 4  

1084 

0.54 

,0047 

.OZ96 

,CC39 

,02114 

,0058 

00238 

.0040 

00255 

,0035 

0 0 2 2 1  

.(I028 

,0178 

.0065 

.0408 

,0045 

.0283 

1.42 

0.01 

0.08 

0.01 

0.06 

0801 

0.06 

0.01 

0007 

0.01 

0.06 

0.01 

0 e 0 5  

0.02 

0.11 

0001 

0.07 

1 Atmos. Pressure 

10 Atnos. Pr..,,, 0 -  sure 

1 htmos. Pressure 

10 i i tmos. Pressure 

1 l i t~nos.  Prcsnure 

10 Atmos. Pressure 

1 Atmos. Prcssure 

10 Atmos. Pressure 

1 i i tmcs .  Pressure 

10 Ht,ms. Pressure 

1 Atmos. Pressure 

10 Atmos. Pressure 

1 Atxos. Pressure 

10 Atmos .  Prcssure 

1 Atrnos. Pressure 

10 ktinos. Pressure 
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(b) A Comparison o f  Coolants :  By R. IJ. Lyon* 

(Takcn f r o m  Clinton Laborntor i e s  P i l e  Technology Lecture 47) 

Asswne : 

(1) 

( 2 )  

A p i l o  o f  given power, KY 

Given overa l l  dimensions ( t h i s  i s  permissible wi th  most  l i q u i d  
coolants ) 

( 3 )  

(4) 

Given equivalent diameter of chcnnels, D 

Given r c a c t i v i t y  ava i lab le  f o r  coolant.(Mcglcct such e f f e c t s  8s 
d i f f c r c n t  ncutron cbsorption by d i f f e r e n t  chcnncl mils and 
ncutron blocking o r  modcrating by d i f f c r c n t  materials.)  

Constant prcssurc drop  i n  v e l o c i t y  heads. 
i n  p s i  i s  proportional t o  the v e l o c i t y  head. V2 1 ( 5 )  (Or the pressure drop 

- 
2g 

( 6 )  Constant pump cff iciency. 

Power  = volunc x pressure drop 

o r  P a  J& v3 

using the nomenclature i n  F a r t  18 of  t h i s  report  

d QI M 

z a p  
Subs t i t u t ing  f o r  A in  Equation 16.01, 

(Eq. 16.02) 

Two cases may be considcrcd. One case i s  t h a t  i n  which the 

tempercturc r i s e  of  the l i q u i d  i s  a determining f ac to r .  This is t h e  

case in most n a t u r a l  urzni-ma graFhi te  modcratcd p i l e  s, where considcr- 

ab le  sur face  arca. 'is fivailablc conpared w i f h  the cross sec t iona l  area 

of t he  long narrow channels. 

"Oak Ridge National k b o r a t o r y ,  Oak Ridge, Tennessee - 
-7.. 
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The other  case i s  t h a t  i n  which the temperature drop from the  

channel wall t o  t he  'oulk o f  t h o  coolant i s  thc determining factor.  

This will usually be the  case i n  enrichcd p i l c s  with hcav-ywater f o r  

a modcrator, bccausc of  tho very high hea t  fluxes involved i n  

r e l a t i v c l y  sho r t  chaniicls , 
In thc f i r s t  case - vdierc bulk tcmperaturc r i s e  of coolant 

i s  important: 

d T L  ," \v 
VlL cp 

o r  s u b s t i t u t i n g  f o r  ii and cancelling o u t  , 

Solving f o r  V and cubing, 

Substituting i n  Equntion 16.02, 

Note t h a t  i n  L, c i s  cubed while M and kcarc squared. 

compared with t h e  i s o c a l o r i c  c ross  s e c t i o n  i n  which they a l l  occur t o  t h e  

saw power. 

This i s  t o  be 
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In t h e  second case, when tho  tcnpcraturc drop  f rom t h e  wall 

-to the liquid is important, 

DTF " - w (Eq. 16.05) 
h a  

and 

Substituting for  h and a i n  Equation 16.05, 

0.2 0 84 
A T F  a W 

A TF a W 

3 or, solving f o r  V 

n 

Substituting in Equction 16.02, 
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In Table 16-11 are  l i s t e d  w l u e s  fe r  L and F f o r  six liquid c o o l m t s .  

The values f o r  the phys ica l  p rope r t i e s  ere taken p i n c i p a l l y  from ?entley,  

Brown and Schlesel 5 . Values of c e r t a i n  p rope r t i e s  of sodiur and 

sodium-potassium are taken from t he  q u a r t e r l y  progress reports on sodium- 

notassium a l l o y  i ssued  by N3L697. 

l i q u i d  lithium a r e  guesses based on the  dens i ty  of solid lithium and the 

Values f o r  dens i ty  and v i s c o s i t y  of 

v i s c o s i t i e s  of sodium and potassium. 

Cross sec t ions  of most of t h e  ma te r i a l s  a re  taken from t h e  Pro jec t  

The value f o r  l i thii-m seven is a conservative average of the Handbook. 

estimate 0.03 t o  0.001 a t t r i b u t e d  by Young t o  Yhy. 

ATL and QTF a r e  t3e 2ifference between the melting ooint and 

600' C except i n  th4 case of water where t h e  range found prac t icable  on 

the  p ro jec t  i s  given,  

L and F a re  advantage f-:ctrjrs based only on pum,?ing oower, cross 

section f o r  thermal. neutrons and ?ermissible temperature range, 

-10- 
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Neutron blocking, neutron ma dcrat ion, handling di f ficul-t  ics due to chcmical 

or nuclear activity, or due to froczing, and cor ros ion  problems o thc r  than 

those o f w a t c r  have not  bccri included in this evaluation. 

-_ 
-11- 
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TABLE 16-11 

Mat 1 . b* fs 
barnes - 

H2* 13 Os62 

Pb 207 0.18 

1 NaX 50 w t %  31 1.74 

fia 23 0.45 

B i  209 0.064 
1 
P 
,” LLi7 7 0.01 

k 
cal,/cm. OC. 

0.001 

0.045 

0.066 

0.19 

0.038 

0.06 

9 

9 

10 

11 

14 

10.5 0.033 2.0 3 00 1‘2x10 

0.80 0.25 Gel& 600 1.1x10 

0.86 0.33 0.25 500 1.2x10 

908 0.037 1.25 300 3.2~10 

0.5 1.7 0.2 400 1 . 5 ~ 1 0  

F 

3 . 3 x 1 ~ 4  

1 GXlO1O 

3.lxlO 11 

9 

13 

14 

15 

2 . 9x10 
2 0 3x10 

2 8x10 
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P U T  17 

CALCUU'TION A I D S  

The f o l l o w i n g  sec t ion  cons i s t s  of a Table of' Equivalents and 

graphical a ids  for temperature conversion and heah transfer calculations. 
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TABLE OF EQUIVALEUTS - 
Complied by W. B. I-iarrison and R, N, Lyon 

TINE - 6 (Based on 24 hour day, 30 day month, 1 2  month year )  

minut e hour day week n o n t h  year --- -- - second 

1 

- 

60  1 

3m6 x 10 GO 1 3 

8-64  lo4 1.44 x 10 24 1 3 

5 
I 6.05 x 10 
tu 

3.68 7 1 4 
1.01 x 10 

a 3 2  x lo4 720 30 4-23 1 6 

7 

I 

2.59 x 10 
C 7 

5.1% x 10" 8.64 x 10'' 360 51.4 12  1 3.11 x 10 

PWER - Q/@ 03 
1:w. f t . lS/s.ec. Pcu/sec. -_I_.. Btu/kir. cal./sec. mev./sec. -- * - Hi?. - 

1 0.7457 5 50 c.393 2547 178.26 4.65 :L 

1,341 1 737.6 0,527 341 5 239 6.24 x d5 
1.818 x lo-z 1.356 x 1 7.15 x los4 4.63 0.324 8,46 x 10 1 2  

l.lC x 10 16 

12 

5.61 x 10-3 4.18 x loe3 3.088 2.21 14.29 1 2.61 x 1013 

2.15 x 10-16 1.60 x 1.18 10-~3 8.44 x 5.47 ~10-'~'3.83~10-~~ 1 

2.546 1.899 1400.6 1 6480 453.6 

3.93 10-4 2.93 0.216 1.54 1 Om070  1.82 x LO 

* 1 Kvre = 1000 wat t s  = 1000 joules/sec. = 1010 e r g s / s ~ ~ .  



Table of Equivalents 
(Table 17-1 Con'%) 

EIJERGY - Q 
c8.1 mev Btu ft. lb. P cil . __-_ _I--- 

Kw. hr. 

1 
19 

16 

15 

12 

2.24 x 1.0 5 8.60 x 10 6 189C 3415 2.66 X 10 

1400.G 453.6 1.18 x 10- 5.27 1 1,8 

2.93 x 10' 4 0.5556 1 

3,77 10-7 7.14 x lo-' 1.29 x low3 
1.16 x loo6 2 , 2 1  x lcJ-s  3.97 

4.45 2: lo-2o 8.44 1.52 x 10-16 1.18 x 

778,l 252 6.52 x 10 

1 0.524 8.46 x 10 

3,088 1 2.61 x lo1: 

3.83 x 1 1 
LIJ 

I 

TiIEPWiL C0;;DUCTIVITY - k 

Pcu - E t,u watts oal. Btu 
?( C / m .  1 Fir. f t e 2  ( OF/ftm) 

- 
s e c  rCI;Z.% ("C/cm. - ) hr. f t D 2  ('F/f%c) hr. ft.' (" - F/in,) - 

4,183 134.4. 24109 2303 1 
0.0173 0,5556 

0.0464 

4.13 X lom3 1 1 2  
3.45 x 10'4 0,0933 1 1.440 x lom3 

1 32.12 57.8 634 0.239 

3.12 x low3 1 7.44 x 10-3 1.8 21.6 
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MASS - Ed 

1 453.59 

2.205 1 

c o r  OK 0 F o r  OB 
0 

1 

0.5556 

o r  
gra/cn, s e c t. o r  

OKNL 156-17 

1 62.43 

0.C16 1 

1 cal./gm. *c :: 1 Btu/lb* O F  

or 
or 

1 
4,13 

242 
1 
3600 1 14.87 

*For tem2erature conversions- (See Fisure 17-1 
TC = 5 / j  (TF - 3 2 )  Ti = Tc .i. 273 
TF - 9/5 (TC) 32 TR s TF 460 

** Kinernatic viscosity, I/= 

*** 1 centipoise 2 OsOl poise? viscosi ty  of  water a t  68.6 OF (20.3 "C) 
f i  and i s  measured i n  I t 2  /e, such as ftOZ /set. 
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OKNL 156-17 

Simplified Calculation of  Beat T r m s f e r  Coeff ic ie%t  , f o r  3ea t  '-ne 'datar 

Since heating water is a ; , idzly used heat  t r a n s f e r  oh>eration, it is 

-thought t h a t  a metliod of simplifyiag the cz lcu la t ion  f o r  th i s  case srould 

be useful,  The Dittus-Roelter type  of equation (see P a r t  5 )  i s  used aid. 

w r i t t e n  i n  +he f o l l o w i n g  form: 

, where 

Proper t ies  of water Sire given i n  F a r t  12. 

Useful Graphs 

For f a c i l i t a t i n g  ten;.erai;1zc conver;~ions and thcrais ' ing o f  dimsilsion- 

less groups t o  various powers, 'chc following grcph:: have bsen included: 

FiPure T i t l e  
_o 

17-2 Ccn-trigri?de-Fahrenllei-t Tempcra%ur e Convor- 

17-3 Re - r s r  Re 

17-4 

sions 
C.8 

Fr VS. Prn  
2 / 3 ,  0.7) 

( f o r  n = 0.3, l/S, 044, 0,6, 

1 13.8 17-5 v t  VS. (3 ) 
1 17-6 D VS. (D1)Oe2 

Prandt l  numbers f o r  several coolants  my be found in P a r t s  12, 13, rind 14 

of t h i s  report. 
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Drawtag # 6732 
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ORNL 156-18 

?ART 18 

C a p i t a l  -. l e t t e r s  

A heat t r a n s f e r  a r ea ,  f t .2  
A f low a r e a  of cool ing  channels ,  f t . 2  (Tar t  16) 

D diameter ,  f t .  (I)', i n . )  

De 

F 

equiva len t  hydraul ic  diamater , f t ,  (De , i n .  ) 

advantage fact ,or  when f i l m  tem?eratur3 d ro?  c o n t r o l s  

G mass v e l o c i t y  = aT lb./hr. f t ,  2 
P '  

J mechanical equiva len t  3f hea t  = 778 f t .  Ib./3tu 

L length ,  ft, 

L adva f i tqe  f a c t o r  whsn tam-xnature  r i s e  of coolan t  c o n t r o l s  

ll molecular wei5ht 

P p res su re ,  .ED./in. 2 
p Dum9ing ~ a q ~ e r  r3quire-l  t o  c i r c u l a t e  coolan t  (Pa r t  16) 

h r .  ft.2 OF. R thermal rasis",ance ~ --.-- 
3 tu 

T absoluke temperature ,  O 3 .  

U ove ra l l  hea t  t r s n s f e r  c o e f f i c i e n t ,  BtU 

v l i n e a r  v e l o c i t v ,  ft./hr. (VI, ft./ssc.) 

Yi 3omr o u t x ~ t  

X 

z:F5:  

- 
parameter i n  c o r r d l a t i a n  of  b o i l i n g  l ls ta  by Ins ingar  and 

- -.-.--.A-.- _I- x 1013 
Bliss : r.-4 -- 

A P J , ~ A ~  Jq 

, 



ORtYi 156-18 

C a p i t a l  letters (Con't.) 

Y garameter i n  c o r r e l s t i o n  of b o i l i n g  d s t a  by Znsin;l,ar 2nd 

- Lower case l e t t e r s  

a 

C 

g 

h 

j 

k 

9 

r 

t 

W 

t o t a l  heat  t r a n s f e r  s u r f x e  area  

hea t  cagac i ty ,  Btu/lb. %. 
8 2 g r a v i t a t i o n a l  cons tan t ,  4.17 x 10 

heat  t r a n s f e r  c o e f f i c i ? n t ,  Etu/fir, f t . 2  OF. 

dirnensianle ss par  me te r  ; u3u3 Ily 
a s  def ined  by Colburn C G  

( P a r t  16) 

f t  ./hr . 

Sty- , 
'""7- thermal conduct iv i ty ,  -_ 

heat  r a t e ,  2tu/hr 

r ad ius ,  f t ,  

temperature,  OF. 

mass flow r a t ( > ,  Ib./hr. 

lir.  f t .  -- (i+./ft.) 

Greek l e t t e r s  

a: absorp t iv ikJ  
Q denotes  p r o 3 o r t i o n a l i t y  

G b  

f 1'1 

p volumetr ic  c o e f f i c i e n t  of dxiansion 

6 small increment 

A d i f f e r e n c e ,  i .e.  b t 



- Greek letters (Conft.) 

eddy d i f f u s i v i t y  
( emiss iv i ty  

h x denotes  func t ion  
h t e n t  hea t  of 'vas.ordiatbon,, Bku/;Lb;; 

A' 

,, v i s c o s i t y ,  l b , / f t .  hr. 

average d i f f e r e n c e  i n  heat  c o n t s n t  of va;Jor and l i q u i d  

,, dens i ty ,  l b , / f t .  3 

QI sur face  tens ion ,  lb . / f t .  
Q" atom capture  c ross -sec t ion  f o r  therm1 neutrons ( l a r t  16) 

& G sum of atom capture c ros s - sec t ions  i n  a molecule (?ar t  16) 

6 f r e e  convection effect  

)t denotes func t ion  
.-I r, t h(Def}o*2/(Vf) 0.8 

Subscr ip ts  
-1 

a r i t  c r i t i c a l  condi t ion  

max maximum 

1 small diameter of anr,ulus 

2 l a r g e  diameter of annulus 
2 case described by Latzko 

3 case descr ibed  by Latzko 

4 case descr ibed  by Latzko 

a a r i t h m e t i c  mean 

b bulk proper ty  

c c r i t i c a l  cond i t ion  

c convection 

-3 -  



Subscr ip ts  ICon't ,)  

f 

i 

i 

0 

P 

r 

r 

S 

V 

W 

X 

C 

F 

H 
H 

L 
L 
L 

M 

v 

f i l m  pronerty 

in t e r f ace  

in s ide  wall. 

outside wall 

constant p r e s a r c  

r ad ia t ion  

reduced (2r) 

s o l i d  sur face  

constsnt volume 

wa 11 

unknoxn sourcs 

cold stream 

case l imi ted  by f i l m  temperature drop 

hot  stream 
hea t  

l i qu id  
logarithmic mean 
case l imi ted  by tempcratura change i n  coolant 

momentum 

vapor 

Dimensionless qrouss 

Gra ,+?of G r  D 3 2  p g."bt/,,2 

Nusse It Nu hn 
k 
I 

Pecle t  ?e &?*fir = ~ v , h C ; ~  DG cp  
k L r t  

cP I-( 
Prandt l  Pr 

z- 
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Dimensionless grou?s (Con' t. ) 

av P Reynolds 7& - TG - - 
P -  P 
h -  h Stsn ton  St -* -- 

CG - cVp 




