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I NOTICE 1 
¢ his r e p o r t  was prepared a s  an account of wqrk sponsored by t h e  United S t a t e s  
Government.   either t h e  U n i t e d . S t a t e s ,  nor  t h e  United S t a t e s  Department of 
Energy, nor  any of t h e i r  employees, nor  any of t h e i r  c o n t r a c t o r s ,  
s b b c o n t r a c t o t s ,  o r  t h e i r  employees, makes any warranty,  express  o r  implied,  
o r  assumes any l e g a l  l i a b i l i t y  o r  r e s p o n s i b i l i t y  f o r  t h e  accuracy, 
c o m p l e t e n e s s  o r  u se fu lnes s  o f  any information,  appa ra tus , . p roduc t  o r  
p roces s  d i s c l o s e d ,  o r  r e p r e s e n t s  that i t s  use would not  i n f r i n g e  p r i v a t e l y  
owned k L g 1 l t ~ .  



The Shippingport Atomic Parer Station located i n  Shippingport, Pennsylvania was 
the f i r s t  large-scale, central-station nuclem power plant in the United States  
and t h e  f i r s t  plant of such s i ze  i n  the  world operated solely t o  produce e l ec t r i c  
power. This program was s ta r ted  i n  1953 t o  confirm the  prac t ica l  application of 
nuclear power for  large-scale e l ec t r i c  power generation. It has provided much of 
the  technology being used fo r  design and operation of the  commercial, central-  
s ta t ion  nuclear power plants  now i n  use. 

Subsequent t o  develapment'and successful operation of the  Pressurized Water Reactor 
in the DOE-owned reactor plant a t  t h e  Shippingport Atomic Power Station, t he  Atomic 
Ehergy Commission i n  1965 undertook a research. and development .program t o  design 
and bui ld a Light Water Breeder Reactor core for  operation i n  the  Shippingport 
Station. 

The objective of the  Light Water Breeder Reactor (WBR) program has been t o  develop 
a technology tha t  would s ignif icant ly improve the  u t i l i z a t i o n  of the  nation's nuclear 
fue l  resources employing the well-established water reactor technology. To achieve 
t h i s  objective, work has been directed toward analysis, design, component t e s t s ,  
and fabrication of a water-cooled, thorium oxide fuel  cycle breeder reactor f o r  
ins ta l la t ion  and operation at the  Shippingport Station. The LWBR core s t a r t ed  
operation i n  the Shippingport Station i n  the  Fall of 1977 and i s  expected t o  be 
operated f o r  about 3 t o  4 years. A t  the  end of t h i s  period, t he  core w i l l  be removed 
and the  spent fue l  shipped t o  the Naval Reactors m e n d e d  Core Fac i l i ty  for  a 
detailed examination t o  ver ify core performance including an evaluation of breeding 
character is t ics .  

In 1976, with fabrication of the  Shippingport UJBR core nearing; cmpletion, t he  
Energy Research and Development Administration established the  Advanced Water Breeder 
Applications (AwBA) program t o  develop and disseminate technical information which 
would a s s i s t  U. S. industry i n  evaluating the  LWBR concept f o r  commercial-scale 
applications. The program w i l l  explore some of the  problems tha t  would be faced 
by industry i n  adapting technology confirmed i n  the  LWBR program. Information t o  
be developed includes concepts fo r  commercial-scale prebreeder cores which would 
produce uranium-233 fo r  l i g h t  water breeder cores while producing e l ec t r i c  power, 
improvements for  breeder cores based on the  technology developed t o  fabricate  and 
operate the  Shippingport LWBR core, and other information and technology t o  a i d  in 
evaluating commercial-scale application of the  LWBR concept. 

A l l  three development programs (Pressurized Water Reactor, Light Water Breeder 
Reactor, and Advanced Water Breeder Applications) have been administered by t h e  
Division of Naval Reactors with the goal of developing prac t ica l  improvements i n  
the u t i l i za t ion  of nuclear fue l  resources f o r  generation of e l ec t r i ca l  energy using 
water-cooled nuclear reactors. 

Technical information developed under the  Shippingport, LWBR, and AWBA programs has 
been and w i l l  continue t o  be published i n  technical memoranda, one of which i s  
t h i s  present report. 

Revised 11-27-78 



TABLE OF CONTENTS 

S e c t i o n  

I. INTRODUCTION 

11. T E S T  DESCRIPTION 

111. INSTRUMENTATION 

I V .  T E S T  PROCEDURE 

V. EXPERIMENTAL RESULTS 

V I .  CONCLUSIONS 

R e f e r e n c e  

A c k n o w l e d g e m e n t s  

T a b l e  1 - C r i t i c a l  H e a t  Flux D a t a  - A l t e r n a t i n g . .  . . 
H e a t  F l u x  T e s t  

T a b l e  2 - C r i t i c a l  H e a t  F lux  D a t a  - A l t e r n a t i n g  
H e a t  F l u x  CHF T e s t  w i t h  H o t  P a t c h  

F i g u r e s  1 - 10 

P a g e  



C r i t i c a l  h e a t  f l u x  experiments were performed 
wi th  an a l t e r n a t i n g  h e a t  f l ux  p r o f i l e  i n  an 
i n t e r n a l l y  hea ted  annulus.  The hea ted  l eng th  
was 84 inches wi th  a square wave' a l t e r n a t i n g  
h e a t  f l u x  p r o f i l e  over  the  l a s t  12 inches 
having a maximum-to-average h e a t  f l u x  r a t i o  
of 1.76. Test  d a t a  were obta ined  a t  p re s su re s  

.' . from 800 t o  2000, p s i a ,  mass v e l o c i t i e s  from 
0.25 x l o 6  t o  2.8 x l o 6  l b l h r - f t 2  an$ i n l e t  
temperatures  ranging from 400 t o  600 F. Two 
d i f f e r e n t  e l e c t r i c a l l y  hea ted  t e s t  s e c t i o n s  
were employed both wi th  72 inch  uniform and 
12 inch  a l t e r n a t i n g  h e a t  f l u x  sec t ions .  The 
second t e s t  s e c t i o n  had a 0.44 i n c h ' h o t  pa t ch  
wi th  a peak-to-average h e a t  f l u x  r a t i o  of 2.7 
superimposed on the a l t e r n a t i n g  f l u x  p r o f i l e  a t  
t he  e x i t  end. 

C r i t i c a l  h e a t  f l u x  r e s u l t s  w i t h  the  a l t e r n a t i n g  
h e a t  f l u x  p r o f i l e  and wi th  the  superimposed h o t  
pa tch  were shown t o  be equ iva l en t  t o  those 
obta ined  i n  prev ious  t e s t s  wi th  a uniform 
h e a t  f l u x  p r o f i l e  except  f o r  s e v e r a l  d a t a  p o i n t s  
a t  low mass v e l o c i t y  and high en tha lpy  f o r  which 
the re  is  an  apparent  experimental  b i a s  i n  the  
uniform h e a t  f l u x  r e s u l t s .  

C r i t i c a l  Heat Flux Tes t s  wi th ,High  P res su re  Water 
I n  An I n t e r n a l l y  Heated Annulus w i th  

Al t e rna t ing  Axial  Heat Flux D i s t r i b u t i o n  
(AWBA Development Program) . 

I. INTRODUCTION 

The ~ d v a n c e d  Water Breeder Appl ica t ions  p r o j e c t  a t  B e t t i s  Atomic 

Power Laboratory is  eva lua t ing  a number of  p reb reede r  concepts t o  

suppor t  the  development of water-cooled breeder  r e a c t o r s  i n i t i a t e d  and 

c u r r e n t l y  being demonstrated wi th  the  Light  Water Breeder Reactor  a t  

Shippingport ,  Prebreeder  r e a c t o r s  v?ould be requi red  t o  produce the  U-233 

necessary f o r  t he  ope ra t ion  of water-cooled breeder  r e a c t o r s  which would 

burn thorium and U-233. 

One prebreeder concept involves the  use of a l t e r n a t e  t h o r i a  and u r a n i a  

p e l l e t s  i n  a f u e l  rod t h a t  would bd i d e n t i c a l  i n  s i z e  t o  f u e l  rods i n  

e x i s t i n g  commercial r eac to r s .  These rods could then be d i r e c t l y  b a c k f i t t e d  wi th  

a minimum of mechanical and hydrau l i c  development and t e s t i n g .  A t  beginning 

o f ' l i f e  on ly  a small  amount of  the  thermal power (on the  o r d e r  of 10%) would 



be gene ra t ed  i n  t h e  thorium. Neglect ing a x i a l  conduction, the  su r f ace  h e a t  

f l u x  d i s t r i b u t i o n  would be a square  wave. Axial  conduction w i l l  smooth the  

h e a t  f l u x  d i s t r i b u t i o n  b u t  t h e  b a s i c  c h a r a c t e r  w i l l  remain the  same. 

The t e s t i n g  desc r ibed  i n  t h i s  r e p o r t  w a s  conducted t o  i n v e s t i g a t e  

t h e  e f f e c t  of  t h i s  type  of h e a t  f l u x  d i s t r i b u t i o n ,  compared t o  a  more 

uniform d i s t r i b u t i o n ,  on t h e  CHI? power c a p a b i l i t y  of  a  rod. The sp .ec i f ic  

purpose of t h i s  experiment was t o  o b t a i n  a  d a t a  base from which a 

p re l imina ry  eva lua t ion  of t he  CHF performance of a  r e a c t o r  us ing  an a l te rna t ing ;  

f u e l  p e l l e e  design could be made. 

11. TEST DESCRIPTION 

The e l e c t r i c a l l y  hea ted  t e s t  s e c t i o n  cons i s t ed  of a  0.303 inch O.D. 316 

s t a i n l e s s  s t e e l  tube wi th  a 0.049 inch  w a l l  i n s t a l l e d  i n  a  0.518 + 0.007 inch - 
I .D. ceramic housing ( see  F igure  1) .  The diameter  and to l e rance  on the 1.D. 

a r e  t h e  mean and s t anda rd  d e v i a t i o n  of measurements from a group of ceramic 

tubes  s e l e c t e d  from the ba tch ,  The t e s t  s e c t i o n  was centered  w i t h i n  the ceramic 

housing by means of  tube segment space r s  ( s ee  Figure 1 and 2)  a t  6 a x i a l  l e v e l s  

a long  the  84 inch hea ted  l eng th  wi th  the  uppermost space r  being loca t ed  13.0 

inches  below the  end of t he  hea ted  length.  The ceramic housing was contained 

w i t h i n  a 1.0 inch O.D. 316 s t a i n l e s s  s t e e l  tube wi th  a  0.083 inch wa l l  which 

served  as the  backup housing f o r  the t e s t  assembly. 

The a l t e r n a t i n g  h e a t  f l u x  e f f e c t s  were' repres 'ented by f a b r i c a t i n g  a  

square  wave e l e c t r i c a l  r e s i s t a n c e  pa th  only  over  t h e  upper s e c t i o n  of t he  

h e a t e d  rod assembly a s  shown i n  Figure 2 .  The a l t e r n a t i n g  high and low 

e l e c t r i c a l  r e s i s t a n c e  hea ted  rod s e c t i o n  w a s  assembled by furnace braz ing  

copper-nickel  (Alloy 706) p lugs  t o  t h e  i n s i d e  of t he  s t a i n l e s s  s t e e l  tubing. 

The s t a i n l e s s  s t e e l  tub ing  wall th ickness  i n  t h i s  reg ion  w a s  0.025 inches.  

The uniformly hea ted  p o r t i o n  of t he  hea ted  rod aoscmbly was s i z e d  such 

t h a t  t h e  h e a t  f l u x  emanating from i ts  s u r f a c e  was equal  t o  t he  mean h e a t  f l u x  

from the  s h o r t e r  s e c t i o n  tube con ta in ing  the  a l t e r n a t i n g  r e s i s t o r s .  A s  

shown i n  F igure  2, t he  dimensions of the  hea ted  rod assembly were such t h a t  

t h e  nominal f l a t  h e a t  f l u x  p r o f i l e  extended over  t he  i n i t i a l  72.00 inches 

of t h e  t e s t  s e c t i o n ,  and t h e  a l t e r n a t i n g  h e a t  f l u x  p r o f i l e  was r e s t r i c t e d  

t o  t h e  f i n a l  12.00 inches.  

Two nominally.  i d e n t i c a l  h e a t e r  rod assemblies  were b u i l t  and t e s t ed .  

One o f  t h e  h e a t e r  rod assemblies  was reamed ou t  a t  t he  upper end t o  a  



wall thickness of 0.016 inches t o  provide a l oca l  hot  patch over the  

f i n a l  0.440 inches of heated length with a peak-to-average hea t  f lux 

r a t i o  of 2.7:l. 

The uniform and a l t e rna t i ng  hea te r  sec t ions  were bu t t  welded together  

with 0.12 inch overlap as  shown i n  Figure 2. Extensions were bu t t  welded 

(a l so  with 0.12 inch overlap) t o  each end of the  hea t e r  tube rod assembly 

i n  order t o  provide an e l e c t r i c a l  connection between the tubes and the 

e l e c t r i c a l  terminals. The e x i t  'extension was a n icke l  tube with an 

outs ide  t aper  which was f i t t e d  i n t o  a tapered hole i n  the e x i t  e l e c t r i c a l  

terminal. The CHF thermocouples were l ed  out through the ins ide  of the  

extension. The i n l e t  extension was composed of a so l i d  n ickel  piece 

connected by a length of braided copper cable, which allowed fo r  

d i f f e r e n t i a l  thermal expansion between the heated rod assembly and the 

t e s t  sect ion housing. The n ickel  connector was tapered and f i t  i n t o  a 

tapered hole i n  the i n l e t  e l e c t r i c a l  terminal. 

The de ta i l ed  t e s t  sect ion assembly is  shown i n  Figure 3 including 

the e x i t  end connections, e l e c t r i c a l  terminal and instrumentation. A 

flange assembly was bolted around the carbon s t e e l  e l e c t r i c a l  terminal, 

One s ide  of the flange assembly was fastened t o  the t e s t  sec t ion  pressure 

boundary by means of a 1.0 inch connector. The other  s ide  of the f lange 

assembly was attached t o  a s e t  of f i t t i n g s  which provided mountings f o r  

the e x i t  and CHF thermocouples and the connection t o  the t e s t  loop. The 

i n l e t  aoocmbly was very s imi la r  t n  the ex i t .  

The as -bu i l t  cha r ac t e r i s t i c s  of the  a l t e rna t i ng  heat  f lux  sect ion 

of the hea te r  rod assembly were examined i n  a number of ways t o  make an 

accurate determination of the  heat  f lux p ro f i l e .  Each rod sect ion has 

Xbrayed a f t e r  brazing t o  accurate ly  locate  the copper-nickel plugs. The 

plug length was found t o  be 0.345 f 0.005 inches and the spaces between 

+0*01 inch with plugs ( the  high heat  f lux  ctops) were found t o  be 0.335-0,.005 

the exception of one space centered a t  6.375 inches f r o m t h e  end of the 

heated length of the f i r s t  assembly which was 0.305 in'ches i n  length. The 

lengths of  the a l t e rna t i ng  f lux  regions of the two assemblies were found 

t o  be 12.00 and 12.04 i.nches. . . 



The nominal h e a t  f l u x  p r o f i l e  .in t he  a l t e r n a t i n g  h e a t  f l u x  reg ion  is 

shown i n  F igure  4. An e l e c t r i c a l  r e s i s t a n c e  p r o f i l e  of  the  second assembly 

w a s  determined by applying e l e c t r i c a l  power t o  t he  assembled rod and making 

a cont inuous vo l t age  drop measurement along the  l eng th  of the  rod. The 

loca l - to-average  h e a t  f l u x  r a t i o s  f o r  t h e  hot and co ld  s e c t i o n s  averaged 

1.76 and 0.197 w i t h  s t anda rd  dev ia t ions  of 4.1 and 10.8%, r e spec t ive ly .  

The average maximum-to-minimum hea t  f l u x  r a t i o  f o r  t h e  reg ion  was 8.93 
0 

a t  app rox ina t e ly  100 F ,  whFch e x t r a p o l a t e s  t o  approxlna tc ly  a  I@:? r a t i . ~  

a t  7 0 0 ' ~  

The t e s t  s e c t i o n  was i n s t a l l e d  i n  High Pressure  Loop 22 of t he  B e t t i s  

Thermal and Hydraulic Laboratory.  A genera l  schematic of  t h e  t e s t  loop i s  

shown i n  F igure  5. A Crocker-Wheeler d i r e c t  c u r r e n t  .generator  suppl'ied 

e l e c t r i c a l  power t o  the  t e s t  s e c t i o n  wi th  maximum ranges. of 100 v o l t s  and 

1300 amps. The loop wa te r  chemistry was c o n t r o l l e d  t o  a  pH of about 7,O 

and an  oxygen content  of l e s s  than 0.1 ppm. The loop and t e s t  s e c t i o n  were 

designed f o r  a p re s su re  of 2500 p s i a  and a  temperature of 636'~. The 

t e s t  s e c t i o n  was h y d r o s t a t i c a l l y  t e s t e d  t o  3750 p s i a  a t  room temperature 

p r i o r  t o  . i n s t a l l a t i o n  i n  t he  loop. 

I 11. IEJS TRUf.ll%MTAT IOEJ 

T e s t  s e c t i o n  power w a s  measured cont inuous ly  by recording vo l t age  

drops  a c r o s s  the  t e s t  s e c t i o n  and a c r o s s  a  c a l i b r a t e d  shunt  which was 

used t o  measure c u r r e n t .  Voltage and c u r r e n t  readings  a r e  es t imated  t o  

be a c c u r a t e  t o  w i t h i n  - +1.0% and +0.8%, r e spec t ive ly .  

The flow r a t e  was measured by reading t h e  pressure  drop ac ros s  each 

o f  two nominally" i d e n t i c a l  o r i f  i c e s  i n  s e r i e s  i n  one of two flow l e g s ,  

The o r i f i c e  d iameters  were 0.140 inch  f o r  nominal mass v e l o c i t i e s  below 1 . 0 ~ 1 0  
6  

2 
l b / h r - f t  and U.30 inch  t o r  h igher  nominal mass v e l o c i t i e s .  Each p a i r  of 

o r i f i c e s  i n s t a l l e d  i n  i t s  flow l e g  was c a l i b r a t e d  w i t h  a weigh tank. Flow 

r a t e s  c a l c u l a t e d  from the  two o r i f i c e  readings  agreed w i t h i n  l % ' f o r  t h e  l a r g e  

o r i f i c e s  and w i t h i n  3% f o r  t h e  small  o r i f i c e s .  The water  temperature a t  the  
0 

o r i f i c e s  w a s  measured by two thermocouples accu ra t e  t o  a b o u t 2 2  F. 

S t a i n l e s s  s t e e l  sheathed chromel-alumel thermocouples were used f o r  

wa te r  temperature i n d i c a t i o n .  Four water  thermocouples were pos i t i oned  

i n  t h e  flow, two ups t r eap  and two downstream of the  hea ted  length ,  Two 

asbes tos - in su la t ed  chromel-alumel w a l l  thermocouples were s p o t  welded 



i n s i d e  the  s t a i n l e s s  s t e e l  tub ing  n e a r . t h e  e x i t  end. of t he  t e s t  s e c t i o n  

a s  shown i n  F igure  2 - f o r  d e t e c t i o n  of  CHI?. 

Flow o r i f i c e  p re s su re  drops were measured by t ransducers  

connected ac ros s  pressure  tap.s l oca t ed  j u s t  upstream and downstream of 

t h e  flow o r i f i c e s .  

The s t eady- s t a t e  d a t a  a c q u i s i t o n  system cons i s t ed  of automated tape 

recorders ,  os c i l l o g r a p h  r eco rde r s  f o r  CHF thermcouple monitor ing and 

s t r i p  c h a r t  recorders  f o r  gene ra to r  c u r r e n t  and t e s t  s e c t i o n  vo l t age  drop. 

The osc i l l og raphs  were e l e c t r i c a l l y  coupled t o  t he  t e s t  s e c t i o n  power 

supply such t h a t  t he  t e s t  s e c t i o n  power was au toma t i ca l ly  reduced by 44% when 

a  CHF temperature excursion was ind ica ted .  An I n t e g r a t i n g  

D i g i t a l  Voltmeter.(IDVM) was used t o  d e t e c t  a l l  t h e n o c o u p l e  and 

DP c e l l  readings and' these  d a t a  were recorded on magnetic tape.  

IV.  TEST PROCEDURE 

There were f o u r  types of t e s t  runs performed, a l l  a t  s t eady- s t a t e  cond i t i ons  

a f t e r  s t a b i l i z i n g  the  condi t ions  i n  t he  loop f o r  about 15 minutes. The types  of 

runs were vol tage  pickup runs,  h e a t  balance runs,  c r i t i c a l  h e a t  f l u x  runs 

and runs made a t  98% of c r i t i c a f  h e a t  f lux .  Four vo l t age  pickup runs were 

made wi th  each t e s t  s e c t i o n  assembly t o  e s t a b l i s h  the  c o r r e c t i o n  f a c t o r s  t o  be 

app l i ed  t o  the  wa l l  thermocouple readings  t o  account f o r  t h e  vo l t age  pickup 

inhe ren t  i n  each t h e n o c o u p l e  weld. 

Eleven h e a t  balance runs  were made a t  s.ubcooled cond i t i ons  wi th  low 

mass v e l o c i t y  t o  provide the  b a s i s  f o r  e s t ima t ing  the  h e a t  l o s s e s  dur ing  

a l l  t e s t  runs; . Heat l o s s e s  were c o r r e l a t e d  w i t h  i n l e t  temperature and 

t e s t  s e c t i o n  power. 

The balance of t h e  t e s t  cons i s t ed  of  dua l  t e s t  runs made a t  t h e  

exper imenta l ly  determined c r i t i c a l  h e a t  f l u x  (CHF) and a t  a  h e a t  f l u x  

j u s t  below CHF (98%). The p re s su re ,  mass v e l o c i t y  and i n l e t  temperature 

f o r  t h e  run were e s t a b l i s h e d  and the  h e a t  f l u x  was s lowly r a i s e d  t o  75% 

of  an  es t imated  CHF value.  The h e a t  f l u x  was then increased  i n  5% increments 

u n t i l  CHF was ind ica t ed  by an observed r a p i d  i nc rease  of  e i t h e r  of t he  w a l l  

t h e n o c o u p l e  readings,  a t  which time i f  pos s ib l e  a  complete l i n e  of d a t a  was 

recorded. Following a  CHF run, t he  power was r e s e t  t o  approximately 98% 



of  t h e  CHF power l e v e l  and a complete l i n e  of d a t a  was recorded. These 

98% runs  served  a s  a backup i n d i c a t i o n  of nominal t e s t  s e c t i o n  condi t ions  

f o r  t h e  CHI? runs  where a r a p i d  CHF prevented t h e  record ing  of a  f u l l  l i n e  . 

of  d a t a  on magnetic tape.  

Seve ra l  r e p l i c a t i a n  runs  were made throughout t h e  t e s t .  I n  a d d i t i o n  

t o  t he  au tdmat ic  record ing  of a l l  . d a t a ,  o sc i l l og raph  c h a r t s  were a l s o  saved 

and examined. 

V. EXPERIMENTAL RESULTS 

A l t e r n a t i n g  Heat Fl'ux Data 

The CHF and 98% t e s t  d a t a  obta ined  i n  t he  a l t e r n a t i n g  h e a t  f l u x  t e s t '  

s e c t i o n  a r e  presented  i n  Table 1 where the  t y p e s  of runs a r e  i d e n t i f i e d  a s  

CHF and 98. 

: System p res su res ,  mass v e l o c i t i e s  and i n l e t  f l u i d  temperatures  were 

de ' temined  from ins t rumen ta t ion  readings us ing  s tandard  d a t a  reduct ion  
. . 

techniques.  The i n l e t  en tha lpy  was obta ined  from the  i n l e t  temperature 

u s ing  f l u i d  p r o p e r t i e s  t a b l e s .  The average channel h e a t  f l u x  was based on 

e l e c t r i c a l  power input  as determined from vo l t age  and cu r ren t  measurements. 

The e x i t  .enthalpy w a s  c a l c u l a t e d  from ' h e a t  balance equat ions  us ing  t h e  

average  h e a t  f l ux ,  i n l e t  c o n d i t i o n s  and a small  h e a t  i n s s  c n r r e c t i o n  hasprl on 

d a t a  from a s e r i e s  of  h e a t  balance runs. 

To e v a l u a t e  the CHF pena l ty  due t o  an a l t e m a t i n g  hea t  f l u x  

p r o f i l e  compared t o  a uniform p r o f i l e ,  a  s e t  of uniform h e a t  f l u x  d a t a  

from a nominally i d e n t i c a l  t e s t  s e c t i o n  w a s  employed. This  s e t  of data 

was obrained from Kekerence 1 and the  two d a t a  s e t s  a r e  compared on a  h e a t  

f l u x  r a t i o  b a s i s  i n  F igure  6. The r a t i o  of  the  average a l t e r n a t i n g  hea t  

f l u x  t o  t he  average uniform h e a t  f l u x  f o r  comparable CHF d a t a  p o i n t s  i s  p l o t t e d  

a g a i n s t  mass v e l o c i t y  and a g a i n s t  e x i t  q u a l i t y .  Only' thwse d a t a ' p o i n t s  a r e  

d i sp l ayed  f o r  which comparable uniform h e a t  f l u x  d a t a  were ava i l ab l e .  

. I n  F igu re  6 a l l  of t he  d a t a  p o i n t s  except  one l i e  w i t h i n  a  10% 

d e v i a t i o n  band of uni ty.  The one d a t a  p o i n t  l i e s  below the  band a t  
6 2 0 

1200 p s i a ,  1.0 x 10 l b l h r - f t  mass v e l o c i t y  and 500 F i n l e t  temperature 

. ' (Run No. 42) .  There i s  a t r end  o f  f l u x  r a t io s . app roach ing  1.10 a t  low mass 

v e l o c i t y  which shows up aga in  a t  h igh  q u a l i t y .  This  t rend  was a l s o  observed 



$n Reference 1 and i s  no t  judged t o  be a  v a l i d  experimental  r e s u l t .  I t  i s  

be l ieved  t h a t  a  po r t ion  of the  uniform h e a t  f l u x  d a t a  base repor ted  i n  

Reference 1 has  an experimental  b i a s  t o  low va lues  of CHF. As a  r e s u l t  t h e  

CHF r a t i o s  r e s u l t i n g  from use o f '  t he se  erroneous d a t a  p o i n t s  a r e  g r e a t e r  

than '  1.0. 

A l t e rna t ing  Heat Flux Data wi th  E x i t  Hot Patch 

The CHF and 98% t e s t  d a t a  obta ined  i n  t he  h o t  pa tch  a l t e r n a t i n g  

hea t  f l u x  t e s t  s e c t i o n  a r e  presented  i n  Table 2. I n  t h i s  p o r t i o n  of t he  

t e s t ,  t he  p re s su res ,  mass v e l o c i t i e s  and i n l e t  temperatures  a t  CHF were 

no t  recorded and hence t h e  badkup va lues  from t h e  98% runs a r e  used f o r  

these  q u a n t i t i e s  i n  t he  t a b l e .  

The ho t  pa tch  d a t a  a r e  eva lua ted  by comparison t o  t h e  a l t e r n a t i n g  

h e a t  f l u x  d a t a  on a  Elux r a t i o  b a s i s  i n  F igure  7. The r a t i o  of the 

average t e s t  s e c t i o n  h e a t  f l u x  from the  h o t  pa tch  a l t e r n a t i n g  f l u x  t e s t  

t o  t he  average t e s t  s e c t i o n  h e a t  f l u x  from the  a l t e r n a t i n g  f l u x  t e s t  

i s  p l o t t e d  a g a i n s t  mass v e l o c i t y  and a g a i n s t  e x i t  qua l i t y .  Only those 

d a t a  p o i n t s  a r e  displayed f o r  which comparable f l u i d  cond i t i ons  were. t e s t e d ,  

I n  F igure  7, a l l  of t h e  d a t a  p o i n t s  except  one l i e  w i t h i n  a 10% 

d e v i a t i o n  band of uni ty;  The one d a t a  po in t  l i e s  above the band a t  
6  2 o 

1200 p s i a ,  0.25 x 10 l b l h r - f t  mass v e l o c i t y  and 500 F i n l e t  temperature 

(Run No. 168). It i s  noted t h a t  t he  mass v e l o c i t i e s  of t he  two t e s t  runs 

used t o  form t h e  r a t i o  i n  t h i s  case  d i f f e r e d  by about 3%, There a r e  no 

apparent  t r ends  of the d a t a  w i th  e i t h e r  mass v e l o c i t y  o r  e x i t  q u a l i t y .  

F igure  7' demonstrates conc lus ive ly  t h a t  t he re  was no CHF pena l ty  i n  the  

t e s t  due t o  superimposing the s u b j e c t  ho t  pa tch  on t h e  a l t e r n a t i n g  h e a t  

f l ux  p r o f i l e  a t  the  t e s t  s e c t i o n  e x i t .  

Discussion 

A l l  of t h e  CHF d a t a  obta ined  i n  both t e s t s  a t  f o u r  mass v e l o c i t i e s  

a r e  d isp layed  i n  F igures  8 ,  9  and 10 togethe'r  w i th  the  uniform h e a t  f l u x  

d a t a  from Reference 1. The one d a t a  p o i n t  w i t h  a  h e a t '  f l u x  r a t i o  l e s s  than 

' 0.90 r e f e r r e d  t o  above appea r s  i n  Figure 10; This  d a t a  po in t  i s  a t  a  low 

f lux  l e v e l  and does no t  appear  t o  dev ia t e  s u b s t a n t i a l l y  from the  o t h e r  da ta .  

A CHF pena l ty  would most l i k e l y  appear  a t  h ighe r  h e a t  f l u x e s  and lower i n l e t  
6  

temperatures.  Since Run No. 64, on the same 1.0 x 10 mass- v e l o c i t y  p l o t  bu t  

w i th  a  lower i n l e t  temperature,  f a l l s  i n t o  the  gene ra l  d a t a  popula t ion ,  i t  

i s  judged t h a t  Run No. 42 does no t  i n d i c a t e  a  CHF pena l ty  bu t  only dat.a 

S c a t t e r .  



The in s t rumen ta t ion  e r r o r s  i nhe ren t  i n  t h i s  type of experimentat ion 

t o g e t h e r  w i t h  an  inexac t  d e f i n i t i o n  of  t h e  CHI? phenomenon make i t  

d i f f i c u l t  t o  p inpo in t  CHF wi th  accuracy. Experience has shown t h a t  a  

d e v i a t i o n  of about - +lo% is  no t  unusual i n  the  experimental  de te rmina t ion  

of c r i t i c a l  h e a t  f l u x  power l e v e l s .  Examination of t he  d a t a  repor ted  

l eads  t o  t h e  conclus ion  t h a t  t he re  was no s i g n i f i c a n t  CHF pena l ty  due t o  

t h e  a l t e r n a t i n g  h e a t  f l u x  p r o f i l e  wi th  o r  wi thout  an  e x i t  h o t  patch. 

C r i t i c a l  hea t  f l u x  t e s t s  were performed wi th  an  a l t e r n a t i n g  h e a t  f l u x  

p r o f i l e  and w i t h  a n  e x i t  h o t  pa tch  superimposed upon an a l t e r n a t i n g  h e a t  

f l u x  p r o f i l e ,  Seventy-three CHI? p o i n t s  were obta ined  and compared t o  

b a s e l i n e  d a t a  t o  determine t h e  ' e f f e c t  of the  h e a t  f l u x  p r o f i l e s  on 

c r i t i c a l  h e a t  f l ux  performancec 

No s i g n i f i c a n t  CHF pena l ty  due t o  the  a l t e r n a t i n g  hea t  f l u x  profLle 

was observed. In  f a c t ,  f o r  the range of v a r i a b l e s  t e s t e d ,  t he  c r i t i c a l  h e a t  

f l u x  performance of t h e  a l t e r n a t i n g  h e a t  f l u x  t e s t  s e c t i o n  w a s ' i n d i s t i n g u i s h a b l e  

w i t h i n  the  accuracy of the  experimental  technique from t h a t  of a  comparable 

uniformly hea ted  t e s t  s e c t i o n  except  f o r  s e v e r a l  C W  p o i n t s  a t  low mass 

v e l o c i t y  and high en tha lpy .  I t  is  be l ieved  t h a t  t he re  i s  an experimental 

b i a s  i n  t h e  uniform h e a t  f l u x  d a t a  base f o r  t hese  condi t ions  such t h a t  

t h e r e  would not  be an  a c t u a l  i nc rease  i n  CHF f o r  an a l t e r n a t i n g  h e a t  f lux .  

Supe rpos i t i on  of a  (4.44. inch  .ho t  pa tch  o i  up t o  2 . l t i  peak-eo-average hrai: f l u x  

r a t i o  on t h e  t e s t  s e c t i o n  had no d i sce rnab le  e f f e c t  on the  c r i t i c a l  h e a t  

f l u x  c a p a b i l i t y  of t h e  rod t e s t e d .  
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TABLE 1 

C r i t i c a l  Heat Flux Data - 
Alternating Heat Flux Test 

M A S S  AVERAGE CALCU- 
VELOCTTY I N L E T  MEASURED HEAT FLUX L A T E 0  

x 10-6  TCMPER- I N L E T  X 1 ~ - 6  E X I T  
RUN ' PSES- ('LFi/HYm & T I  IRE ENTHALPY (BTII/HR- ENT HALPY 
NOr TYPE. ( P S I A )  F T S Q )  ( D E G O F W I  ( ~ T ~ / L B ) .  F T S Q )  ( p T U / L 8  I 

28 CHF 
29 98 

26 CHF 
27 9 8  

16 CHF 
17 98 

18 CHF 
19 98  

22  CHF 
23  9 8  

48 CHF 
4 9  9 8  

5 0 '  CHF 
51 98 

52 CHF 
53 9 R  

* No CHF achieved a t  maximum power of generator. 



TABLE 1 (Continued) 

MASS AVERkGE cALCU- 
VELOCTTY INLET  HEASUREO HEAT FLUX LATEO 
, X 10-6 TEMPER- INLET x 10-6 E X I T  

RUN P?ES- (LB/HP- ~ T l l k E  ENTHALPY (BTU/HR- ENTHALPY 
NO. TYPE (PSTA) FTsQ) (@EG.F* )  ( ~ T U / L H )  FTSQ) (RTU/LB) 

36 C H F  1600 0.214 499.0 486 5 0.162 904.9 
37 98 16UO 0.213 699.1 486.6 0.158 892.8 

92 C Y F  1600 0.220 5 0 0 . 0  487.7 0.162 8 94.2 
93 98 1600 0.221 500*1 487.8 01157 8813,2 

40 CHF 1 6 0 0  0.907 499.3 486.8 0.348 704.0 

4 1 98 1 6 C O  0.907 499.1 486 7 0.342 700.3 

94 CHF 1600 0.906 50O.7 408.5 0.343 702.8 
95 98 1600 0.906 501.0 48e.e o 338 700.1  

74 CHF 1600 2.17 SnQ.6 488.4 
75 9R 1 6 0 0  2.17 5 0 0 . 4  480.1 

56 CHF 1 6 0 0  0 . 4 4 8  399.8 375.6 
57 98 1600 0.448 398.8 375.6 

* .No CHF achieved a t  maximum power of generator. 



TABLE 1 (Continued) 

M A S S  A V E R A Q E  ' ' C A ~ G U ~ '  
V E L O C I T Y  I N L E T  MEASURED HEAT FLUX LATE0 

X $0.6 TEMPER. INLET  X 006 + EX I T  
RUN PRESe (LB/HRu A ~ U R E  ENTHALPY ( 0  .U/WR* .ENTHALPV 
NO. TYPE . ( P S I A )  F T S Q )  . ( D E G , ~ , )  ~ B T U I L B )  FTSIJ) { B T U / L B )  

46 CHF 1TOO 0.217 5QOn1 4R7,Y  0 , 1 4 7  8 6 3 1 5  
47 9 8  1200 0.217 soot1 4 8 7 , 9  O,, 143  8528 1 



TABLE 1 (Continued) 

MASS . 

V E L O C I T Y  1 NLET 
x 10-6 TEMPER. 

RUN P R E S w  (LF /HR*  ATURE 
N O @  TYPE ( P S I A )  F T S O )  (DEG,F,) 

80 . CHF 800 0 0 ~ ~ 5  4 0 1 ~ 1  
8& . 9 8  8 0 0  0.225 40180 

A V E R A G ~  CALCU- 
MEASUHEU H E A T  FLUX L A T E D  



TABLE 2 

Critical  Heat Flux Data - 
Alternating Heat Flux CHF Test with Hot Patch 

MASS A V E R A G E  CAbGUr  
' + .  V E L O C I T Y  INLET MEASUHEL). 'HEAT FLUX LATkD 

X 10-6 TEMP'ER- I N L E T  ' X 10-6 EX I ' T  
RUN PRESc ( L B / H R -  AtURk ENTHACPY ( R T U / H R -  ENTHALPY 
N O 8  ' TYPE ( P S I . A )  F 'TSQ) '(DEG,?, 1 t B T U / L B ) .  F T S Q I  ( H T U / L @ )  

CHF 2 0 0 0  
98 2 0 0 0 '  

CHF 2 0 0 0  
98  2000 

131 CHF 2000 
132 9 0  2000 
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TABLE 2 (Continued) 

MASS 
VELOCITY INLET  

X 10-6 TEMPER- 
RUN PRES- (LB/HR- ATURE 
KO. TYPE ( P S I A )  FTSQ)  ( D E G o F o )  

AVERAGE 
HEAT FLUX 

X 10-6 
(BTU/HR- 
F T S Q )  

CALCU- 
LATED 
E X I T  

ENTHALPY 
(RTU/LB) 

MEASURED 
INLET  

ENTHALPY 
(BTU/LB) 

139 CHF 1600 0.223 499.9 
140 98 1600 Q.'223 499.9 

137 CHF 1600 0.448 500.3 
138 90 1600 06448 5OU.Y 

CHF 
9 8  

CHF 
9 8  

CHF 
9 8  

CHF 
98 

151 CHF 1600 0.892 400.6 377.5 0.485 686.8 
152 98 1600 0; 892 4nn.h 377 .5  0 . 4 7 6  6 8 1 @ 1  

- .  

* No CHF achieved at maximum power of generator. 



TABLE 2 (Continued) 

MASS AVERAGE CALCU- 
VELOCITY I N L E T  MEASURED HEAT FLUX L A T E 0  

X 10-6 TEMPER- I N L E T  X 10-6 E X I T  
RUN PRES- (LB/HRm ATURE ENTHALPY (BTU/HR- ENTHALPY 
NO@ , T Y P E  ( P s I A )  FTSQ) ( D E G e F e )  ,, (BTU/LB)  F T S Q ]  (RTU/LB)  

172 CHF 1200 0.894 499.8 487.6 0.324 692.8 
173 , 98 1200 0.894 499 .-8 48.7.6 0.318 689 O 

174 CHF 1200 1.80 500.0. 487.8 ' 0.476 639.4 
175 98 1200 50000  , 487e8 0 a 462 634.9 

164 CHF 1200 0.451 40109  . . 378.5 0.278 726.7 
165 98 1200 0.451 401.9 378.5 0.273 720.4 

166 CHF 1200 0.903. 399.6 376.0 0.422 - 641.6 
167 98 . 1200 0.903 399 6 376.0 0.409 633.6 

186 MAX* 1200 1.79 401.9 3 ~ 8 ~ s  o . 720 608.6 

* No CHF achieved a t  maximum power of generator .  
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TABLE 2 (Continued) 

P A S S  
VELOCITY INLET 

x 10-4 T E H P E R ~  
RUN PREs- (LB/HR- ATURE 
N O *  TYPE ( P S I 4 1  F T S Q )  (DfQ,F,) 

CHF 8 0 0  0.222 
9 8  809  0.222 

CHF 880 0.444 
9 8  8 0 0  0.444 

A V E R A G E  
HEAT FLUX 

X 10-6 
( B T U / ~ R -  

F T S Q )  

0 , 1 7 2  
4 , 1 6 4  

n ,  2 4 0 .  
0,237 

0 , 4 0 c  
0 , 3 9 6  

0 , 6 7 3  
0 , 6 5 9  
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FIGURE 2. PLTERNATING HEAT FLUX HEATER ROD: DETAIL 
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FIGURE 3: ALTERN9TING HEAT FLUX TEST SECTION EXlT  ASSEMBLY 
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FIGURE 4: A X I A L  HEAT FLUX PROF1 LE 

0 ' .I . 2 70 . 71 7 2  73 74 81 82- 83 84 

DISTANCE FROM THE BEGINNING OF THE 

HEATED LENGTH ( IN. )  



t 
FIGURE 5 :  SCHEMATIC DIAGRAM OF. B E T T I S '  LOOP NO. 29 
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ALTERNATING HEAT FLUX TO UNIFORM HEAT FLUX CHF RATIO 
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SUMMARY OF CHF DATA AT 2000 PSI4 
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SUMMARY OF CHF DATA AT 1600 PSlA 

FIGURE 9 



SUMM4RY CHF DATA AT 1200 PS'IIA 
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