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FOREWORD 

The Shippingport  Atomic Power S t a t i o n  loca ted  i n  Shippingpor t ,  Pennsylvania 
was t he  first large-scale, c e n t r a l - s t a t i o n  nuc lear .power  p l a n t  in the  United 
S t a t e s  and the f i r s t  p l a n t  o f  such s i z e  in the  world operated '  s o l e l y  t o  pro- 
duce e l e c t 1  i c  power. This  program was s t a r t e d  in 1953 t o  confirm t h e  
p r a c t i c a l  ap; l icat ion of nuc l ea r  power for l a rge - sca l e  e l e c t r i c  power gen- 
e r a t i o n .  It has provided much of  t h e  tec tno logy  being used f o r  des ign  and 
opera t ion  o f  t he  camnercial ,  c e n t r a l - s t a t i o n  n u c l e a r  power p l a n t s  now i n  use.  

Subsequent t o  dcvelopmen t and s u c c e s s f u l  opera t ion  of  t h e  Pressur ized  Water 
Reactor in the Aiomic Energy Commission (now Department of  Ehergy, DOE) owned 
r e a c t o r  p l a n t  a t  the Shippingport  Atanic P ~ v e r  S t a t i o n ,  the Atanic Ehergy 
Commission i n  1965 undertook a r e s e a r c h  and development p r o g r w  t o  design and 
bui ld  a Light  Water Breeder Reactor c o r e  for ope ra t i on  in t h e  Shippingport  
S t a t i o n .  

The o b j e c t i v e  of t h e  Light  Water Breeder Reactor (LWBR) program has  been t o  
develop a t e c h o l o g y  t h a t  would s i g n i f i c a n t l y  improve the  u t i l i z a t i o n  of t h e  
n a t i o n ' s  nuc l ea r  f u e l  r e sou rces  employing t h e  wel l -es tab l i shed  water r e a c t o r  
tectnology.  To achieve t h i s  o b j e c t i v e ,  work has  been d i r e c t e d  toward a n a l y s i s ,  
des ign ,  component tests, and f a b r i c a t i m  o f  a water-cooled, thorium oxide- 
uranium oxide f u e l  cyc l e  breeder  r e a c t o r  f o r  i n s t a l l a t i o n  and opera t ion  a t  
t he  Shippingport  S t a t i m .  The LWBR co re  s t a r t e d  opera t ion  in the Shippingport  

. S t a t i o n  in the  F a l l  of 1977 and is expected t o  be operated f o r  about  4 t o  5 
yea r s  o r  more. A t  t h e  end of  this per iod ,  the  c o r e  w i l l  be removed and t h e  
sperit f u e l  shipped t o  the  Naval Reactors  Expended Core F a c i l i t y  f o r  a 
d e t a i l e d  examination t o  v e r i f y  co re  performmce inc lud ing  an e v a l u a t i o n  of 
breeding c h a r a c t e r i s t i c s .  

In 1976, w i th  f a b r i c a t i o n  of  t he  Shippingport  LWBR c o r e  ne'aring completion, 
the Ihergy  Research and Development Adminis t ra t ion,  now DOE, e s t a b l i s h e d  the  
Advanced Water Breeder Appl ica t ions  (AWBA) program t o  develop and d issemina te  
t e c h i c a l  information which would assist U. S. i n d u s t r y  i n  e v a l u a t i n g  the  
LWBR concept f o r  commercial-scale app l i ca t i ons .  The program is exp lo r ing  some 
o f  t h e  problems t h a t  wauld be faced  by i n d u s t r y  in adapt ing  t e c h o l o g y  con- 
f i rmed in the  LWBR program. Informatian being developed i n c l u d e s  c m c e p t s  
f o r  commerc i a l - s c a l e  pre  breeder  c o r e s  which would produce uran ium-233 f o r  
l i g h t  water breeder co re s  while producing e l e c t r i c  power, improvements f o r  
breeder  c o r e s  based on the  technology developed t o  f a b r i c a t e  and opera te  t h e  
Shippingport  LWBR co re ,  and o t h e r  information and tec tno logy  t o  a i d  in 
eva lua t ing  commercial-scale a p p l i c a t i o n  of t he  LWBR concept. 

A l l  three development programs (P re s su r i zed  Water Reactor ,  L ight  Water Breeder 
Reactor ,  and Advanced Water Breeder A p p l i c a t i m s )  are under the  t e c h i c a l  
d i r e c t i o n  of t h e  Of f i ce  of  the Deputy Ass i s t an t  S e c r e t a r y  f o r  Naval Reactors  
of  DOE. They have the  goa l  of  developing p r a c t i c a l  improvements in the 
u t i l i z a t i o n  of  nuc l ea r  f u e l  r e sou rces  f o r  genera t ion  of  e l e c t r i c a l  energy 
u s i n g  water-cooled nuc l ea r  r e a c t o r s .  

Tec ln i ca l  information developed under t h e  Shippingpor t ,  LWBR, and AWBA programs 
has  been and w i l l  con t inue  t o  be publ ished i n  t echn ica l  memoranda, one of which 
is  t h i s  p r e sen t  r epo r t .  
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C r i t i c a l  h e a t  f l ux  experiments were performed wi th  
an  a l t e r n a t e  high and low hea t  f l u x  p r o f i l e  i n  an 
i n t e r n a l l y  heated annulus. The heated length  was 
84 inches (213 cm) with a chopped wave h e a t  f l ux  
p r o f i l e  over the l a s t  24 inches (61 cm) having a 
maximum-to-average h e a t  f l u x  r a t i o  of 1.26. The 
2.15 inch (5.46 cm) long h igh  hea t  f l ux  sec t ions  
a l t e r n a t e d  with 0.55 inch (1.40 cm) long low hea t  
f l u x  sec t ions .  Tes t  d a t a  were obtained a t  p ressures  
from 800 t o  2250 p s i a  (5.52 t o  15.5 MP ), mass 
v a l o c i t i e s  from 0.25 x 106 t o  2.7 x 10' l b / h r - f t  

2 

(339 t o  3660 kgdm2*s) and i n l e t  temperatures ranging 
from 200 t o  600 F (366 t o  589'~).  Three t e s t  
s ec t ions  were employed: one with an a x i a l l y  
uniform h e a t  f l ux  p r o f i l e  a s  a base case and two 
wi th  60 inch (152 cm) uniform and 24 inch (61 cm) 
a l t e r n a t i n g  high and low hea t  f l u x  sec t ions .  The 
t h i r d  t e s t  s ec t ion  had a 2.15 inch (5.46 cm) 
s e c t i o n  wi th  a peak-to-average h e a t  f l u x  r a t i o  of 
2.19 (hot  patch) superimposed a t  the  e x i t  end of 
the  a l t e r n a t i n g  high and low h e a t  f l ux  p r o f i l e .  

C r i t i c a l  h e a t  f l ux  r e s u l t s  wi th  the  . a l t e r n a t e  
high and low hea t  f l ux  p r o f i l e s  were shown t o  be 
equiva len t  t o  those obtained i n  t e s t s  with the 
uniform hea t  f l ux  p r o f i l e .  Comparison between 
c r i t i c a l  h e a t  f l ux  measurements wi th  the  superimposed 
"hot patch" and wi th  a uniform h e a t  f l u x  p r o f i l e  
i nd ica t ed  a d e f i n i t e  thermal performance degradat ion 
of a s  much a s  15% a t  high mass v e l o c i t i e s  and 
pressure  above 1600 ps ia .  

CRITICAL HEAT FLUX EXPERIMENTS I N  AN INTERNALLY 
HEATED ANNULUS WITH A NONUNIFORM, ALTERNATE HIGH 

AND LOW AXIAL HEAT FLUX DISTRIBUTION 
(AWBA Development Prop ram) 

I. INTRODUCTION 

The Advanced Water Breeder Applicat ions p r o j e c t  i s  eva lua t ing  a number of 

prebreeder  r eac to r  concepts t o  support the development of water-cooled 

breeder  r eac to r s  i n i t i a t e d  and c u r r e n t l y  being demonstrated with the  Light  

Water Breeder Reactor a t  Shippingport. Prebreeder r eac to r s  would be required 

t o  produce the U-233 necessary f o r  the opera t ion  of water-cooled breeder  

r eac to r s  which would b e ' f u e l e d  wi th  thorium and U-233. 
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One prebreeder  concept involves the use of a l t e r n a t e  groups o.f $our power- 

producing duplex t h o r i a  and u ran ia  p e l l e t s  with one low power t h o r i a  p e l l e t  

i n  a f u e l  rod t h a t  would be 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 reac tors .  These rods could then be d i r e c t l y  b a c k f i t  with a 

minimum of mechanical and hydraul ic  development and t e s t i ng .  A t  beginning 

o f . l i f e  on ly  a small  amount of the thermal power ( l e s s  than 10%) would be 

genera ted  i n  the  t h o r i a  p e l l e t s .  Neglecting a x i a l  conduction, the sur face  

h e a t  f l u x  d i s t r i b u t i o n  would be a c h ~ p p e d  wave. Axial conduction w i l l  

smooth t h e  hea t  f lux  d i s t r i b u t i o n  but t he  bas ic  cha rac t e r  w i l l  remain the  

same . 
The t e s t i n g  descr ibed i n  t h i s  r epo r t  was conducted t o  i nves t iga t e  the 

e f f e c t  of t h i s  type of hea 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 the CHF power c a p a b i l i t y  of a rod. T h e . s p e c i f i c  purpose 

of t h i s  experiment was t o  ob ta in  a da t a  base from which an eva lua t ion  of the 

CHF performance of a conceptual r e a c t o r  using such a f u e l  p e l l e t  design wi th  

a l t e r n a t i n g  regions of high and low power could be made. 

S imi l a r  c r i t i c a l  hea t  f l u x  experiments (Reference 1)  were performed with an 

a l t e r n a t e  h igh  and low (or 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  i n  an i n t e r n a l l y  heated 

a m u l u ~ .  That annulus geometry w a s  i d e n t i c a l  t o  t h i s  t e s t  but  the  h e a t  

f l u x  p r o f i l e  simulated t h o r i a  and urania  p e l l e t s  of equal  length.  The 

hea ted  l eng th  was 84 inches with a square wave a l t e r n a t i n g  hea t  f l ux  

p r o f i l e  over the  l a s t  1 2  inches having a maximum-to-average h e a t  f l ux  r a t i o  

of 1.76. Tes t  d a t a  were obtained a t  p ressures  from 800 t o  2250 p s i a  (5.52 
6 G 2 t o  15.5 MPa), mass v e l o c i t i e s  from 0.25 x 10 t o  2.7 x 10 l b l h r - f t  (339 t o  

3660 kglm2*s) and i n l e t  temperatures ranging from 400 t o  6 0 0 ' ~  (477 t o  989'~). 

Two d i f f e r e n t  e l e c t r i c a l l y  heated t e s t  s ec t ions  were employed both with 

72 inch (183 cm) uniform and 12 inch  (30.5 cm) a l t e r n a t e  high and low 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 inch (11.2 mm) "hot patchtt  with 

a peak-to-average heat  f l ux  r a t i o  of 2.7 superimposed on the a l t e r n a t e  high and 

low f l u x  p r o f i l e  a t  t h e  e x i t  end. 

C r i t i c a l  hea t  f l ux  r e s u l t s  wi th  the a l t e r n a t e  high and low hea t  f l u x  p r o f i l e  

and wi th  the  superimposed "hot patch" were shown t o  be equiva len t  t o  those obtained 

i n  previous t e s t s  with a uniform h e a t  f l ux  p r o f i l e  except f o r  s eve ra l  d a t a  



po in t s  a t  low mass v e l o c i t y  and high enthakpy f o r  which the re  i s  an 

apparent .experimental b i a s  i n  the  uniform hea t  f l ux  r e s u l t s .  

C r i t i c a l  hea t  f l u x  da t a  (Reference 2) were a l s o  obtained i n  an . 

i n t e r n a l l y  heated annulus of s i m i l a r  geometry wi th  an  increased e x i t  h e a t  

f l ux  (or "hot patch") superimposed on an otherwise unifo'rm hea t  f l ux  p r o f i l e .  

Two d i f f e r e n t  ho t  patch t e s t  s ec t ions  were employed f ea tu r ing  (1) a x i a l l y  

uniform hea t  f l u x  over 82 inches (208 cm) wi th  a 1.5 h e a t  f l ux  r a t i o  "hot 

patch" over the  l a s t  two inches and (2) a x i a l l y  uniform hea t  f l u x  over 

82 inches wi th  a 2.25 h e a t  f l u x  r a t i o  ,"hot patch" over the l a s t  two inches. 

Uniform heat  f l u  da t a  were a l s o  obtained. 

Comparisons o£ "hot patch" t o  no-"hot-patch" c r i t i c a l  hea t  f l ux  r e s u l t s  

were made i n d i c a t i n g  t h a t  a CHF decrement i s  observed f o r  low i n l e t  en tha lp i e s  

a t  high mass v e l o c i t i e s .  ~ h - i s  i s  discussed f u r t h e r  i n  Sect ion V. 

I I. TEST DESCRIPTION 

The e l e c t r i c a l l y  heated t e s t  s ec t ion  f o r  the present,  experiments 

cons is ted  of a 0.303 inch (7.69 mm) O.D. Type 136 s t a i n l e s s  s t e e l  tube with 

a 0.049 inch (1.24 mm) wa l l  i n s t a l l e d  i n  a 0.523 inch (13.27 mm) I . D .  ceramic 

housing (see Figure 1 ) .  The t e s t  s e c t i o n  was centered wi th in  the ceramic 

housing by means of tube segment spacers  (see Figure 1 and 2 )  a t  seven a x i a l  

l e v e l s  along the  84 inch (213 cm) heated length  wi th  the two uppermost spacers  

being loca ted  9.0 inches (22.8 cm)- below and j u s t  beyond the  end of the heated 

length. The ceramic housing was contained wi th in  a 1.0 inch;(2.54 cm) O.D, . 

Type 316 s t a i n l e s s  s t e e l  tube wi th  a 0,083 inch (2.11 mrn) wal l  which served 

as the  backup housing for' the  t e s t  assembly. 

Tes ts  were performed with t h i s  bas i c  annulus geometry using t e s t  s ec t ions  

with three  d i f f e r e n t  hea t  f l ux  p r o f i l e s .  The f i r s t  t e s t  s ec t ion  design fea tured  

a uniform a x i a l  h e a t  f l u x  p r o f i l e  i n  the  heated rod providing t h e  base case d a t a  

a g a i n s t  which t h e  a l t e r n a t e  high and low h e a t  f l ux  da t a  could be compared.. The 

uniformly heated po r t ion  of the heated rod assembly was s ized  such t h a t  the 

hea t  f l ux  emanating from i t s  sur face  was approximately equal  t o  the  mean hea t  

f l ux  from the  sho r t e r  s ec t ion  of the tube conta in ing  the a l t e r n a t i n g  r e s i s to r s . . .  



The a l t e r n a t e  h igh  and low h e a t  f l ux  e f f e c t s  were represented i n  two 

a d d i t i o n a l  t e s t  s e c t i o n s  by f a b r i c a t i n g  a  s t e p  wave e l e c t r i c a l  r e s i s t a n c e  path 

only over  the  upper s e c t i o n  of the  heated 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  heated rod s e c t i o n  was 

assembled by furnace brazing copper-nickel (Alloy 706) plugs t o  the in s ide  of 

t h e  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  tubing wal l  th ickness  i n  t h i s  

reg ion  was 0.036 inches (0.913 mm). As shown i n  Figure 2, the dimensions of 

the hea ted  rod assembly were such t h a t  the  nominal f l a t  hea t  f l u x  p r o f i l e  

extended over the  i n i t i a l  60.25 inches (153.0 cm) of t h e  t e s t  s ec t ion ,  and the  

a l t e r n a t e  high and low 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  the f inal  23.75 

inches (60.25 cm). 

Two nominally i d e n t i c a l  h e a t e r  rod assemblies with a l t e r n a t e  high and 

low h e a t  f lux  p r o f i l e s  were b u i l t  and t e s t ed .  One of t he  h e a t e r  rod assemblies 

bas reamed out a t  the upper end t o  a  wa l l  th ickness  of 0.019 inches (0.482 mm) 

t o  provide a  l o c a l  ho t  patch over  the  f i n a l  2.15 inches (54.6 mm) of heated 

l e n g t h  wi th  a  peak-to-average h e a t  f l ux  r a t i o  of 2.19:l. 

The uniform and a l t e r n a t i n g  hea t e r  s ec t ions  were b u t t  welded toge ther  w i th  

0,12 inch  (3,05 mm) overlap a s  shown i n  Figure 2. Extensions were b u t t  welded 

( a l s o  wi th  0.12 inch over lap)  t o  each end of the h e a t e r  tube rod assembly i n  

o rde r  t o  provide an e l e c t r i c a l  connection be tween the tubes and the  e l e c t r i c a l  

t e rmina ls .  The e x i t  extension was a  n i c k e l  tube with an ou t s ide  t a p e r  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 e d  out through the  in s ide  of the extension,  The i n l e t  ex tens ion  was 

composed of a  s o l i d  n i c k e l  piece connected by a  length of braided copper 

cable  looped and fastened t o  t h e  terminal  with a  cable  lug connector which 

allowed f o 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  s ec t ion  housing. 

The d e t a i l e d  t e s t  s ec t ion  assembly i s  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 instrumentat ion.  A f lange 

assembly was bol ted  around the carbon s t e e l  e l e c t r i c a l  terminal.  One s i d e  

of t h e  f lange assembly was fastened t o  t he  t e s t  s e c t i o n  pressure  boundary by 

means of a  1.0 inch (2.54 cm) connector. The o t h e r  s ide  of the  f lange assembly 

was a t tached  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  assembly was 

very s i m i l a r  t o  the e x i t .  



The a s - b u i l t  c h a r a c t e r i s t i c s  of the a l t e r n a t i n g  'heat  f l ux  s e c t i o n  of 

the h e a t e r  rod assemblies were examined t o  make an accura te  determinat ion 

of the hea t  f l ux  p r o f i l e .  Each rod sec t ion .was  X-rayed a f t e r  brazing to  

accu ra t e ly  loca t e  the copper-nickel plugs.' The average plug length  was found 

t o  be 0.552 inches wi th  a  range of _+ 0.008 i n  (14.0 f 0.203 mm) and the average 

space between plugs ( the  high h e a t  f l ux  s t eps )  was found t o  be 2.148 inches wi th  a  

range of _+ 0.016 inches (54.56 '5 0.41 mm). 

The nominal h e a t  f l ux  p r o f i l e  i n  the a l t e r n a t e  high and low h e a t  f l u x  reg ion  

is shown i n  Figure 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 assembly was 

est imated by Joule  hea t ing  ca l cu la t ions  based on t e s t  s e c t i o n  dimensions 

a t  675 '~  (630'~). The local-to-average hea t  f l u x  r a t i o s  f o r  the a l t e r n a t i n g  

hot  and cold sec t ions  of t he  s t e p  wave p r o f i l e  t e s t  assembly were 1.267 and 

0.156 respec t ive ly .  The u n i h r m  sec t ion  had a  local- to-average h e a t  f lux  

r a t i o  of 0.977. The local-to-average hea t  f l ux  r a t i o s  f o r  the hot  patch 

and f o r  t he  a l t e r n a t i n g  hot  and cold sec t ions  of the hot  patch t e s t  s ec t ion  

were 2.193, 1.233 and 0.152, respec t ive ly .  The uniform sec t ion  had a  

local-to-average heat  f l ux  r a t i o  of 0.952. 

The t e s t  s ec t ion  was i n s t a l l e d  i n  High Pressure Loop 29 of the  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  Figure 5. A Crocker-Wheeler d i r e c t  cu r r en 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 water chemistry was con t ro l l ed  t o  a  pH of about 7.0 

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  pres,sure of 2500 p s i a  (17.2 MPa) and a  temperature of 636OF 

(608'~).  The t e s t  s e c t i o n m s  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  (25.8 MPa) 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  the  loop. 

111. INSTRUMENTATION 

Tes t  s ec t ion  power was measured cont inuously by recording vol tage  drops 

ac ros s  t he  t e s t  s ec t ion  and across  a  c a l i b r a t e d  shunt which was used t o  

measure.current .  Voltage and cu r ren t  readings a r e  est imated t o  be accura te  

t o  wi th in  2 1.0% and + 0.8%, respec t ive ly .  

The flow r a t e  was measured by reading the pressure  drop across  each 

of 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 legs .  



I V .  

The o r i f i c e  diameters were 0.140 inch (3.6 mm) f o r  nominal mass v e l o c i t i e s  
6 .  2 2 

below 1.0 x  10 . l b / h r - f t  (1356 kglm * s )  and 0.30 inch (7.6 mm) f o r  higher  

nominal mass v e l o c i t i e s .  Flow o r i f i c e  pressure drops were measured by 

t r ansduce r s  connected ac ros s  pressure  t aps  located j u s t  upstream and downstream 

of t h e  flow o r i f i c 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  with a weigh tank. Flow r a t e  ca l cu la t ed  from the two o r i f i c e  

readings .agreed  wi th in  1% f o r  the l a rge  o r i f i c e s  and wi th in  3% f o r  the small  

o r i f i c e s .  The water temperature a t  t he  o r i f i c e s  was measured by two 
0 

thermocouples accu ra t e  t o  about + 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  water  

temperature ind ica t ion .  Four water  thermocouples were pos i t ioned  i n  the flow, 

two upstream and two downstream of t he  heated length.  Two asbestos-$insulated 

chromel-alumel wa l l  thermocouples were spo t  welded in s ide  the s t a i n l e s s  s t e e l  

tub ing  nea r  the e x i t  end of the  t e s t  s e c t i o n  a s  shown i n  Figure 2 f o r  de tec t ion  

of CHF. 

The s t eady- s t a t e  da t a  a c q u i s i t i o n  system cons is ted  of automated tape 

recorders ,  osc i l lograph  recorders  f o r  CHF thermocouple monitoring and s t r i p  

c h a r t  recorders  f o r  genera tor  cu r r en t  and t e s t  s ec t ion  vol tage  drop. The 

osc i l l og raphs  were e l e c t r i c a l l y  coupled t o  the t e s t  s ec t ion  power supply . . such 

t h a t  the  t e s t  s e c t i o n  power was au tomat ica l ly  reduced by 44% when a  CHF 

temperature excursion was ind ica ted .  An In t eg ra t ing  D i g i t a l  Voltmeter (IDVM) 

was used t o  read a l l  thermocouple and DP c e l l  readings and these  da t a  were 

recorded on magnetic tape. 

TEST PROCEDURE 

There were four  types of t e s t  runs performed, a l l  a t  s teady-s ta te  

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

'l'he types o t  runs were vol tage  pickup runs, hea 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 l  hea t  flux. Four vol tage  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  co r r ec t ion  f a c t o r s  t o  be 

appl ied  t o  the wa l l  thermocouple readings t o  account f o r  the  vol tage  pickup 

inherent  i n  each thermocouple weld. 



Eleven hea t  balance runs were made a t  subcooled condi t ions  wi th  low 

mass v e l o c i t y  t o  provide the b a s i s . f o r  es t imat ing  the hea t  l o s ses  during a l l  

t e s t  runs. Heat l o s ses  were c o r r e l a t e d  with i n l e t  temperature and t e s t  

s e c t i o n  power. 

The balance of the t e s t  cons is ted  of dual  t e s t  runs made a t  the 

experimentally-determined c r i t i c a l  hea t  f l u x  (CHF) and a t  a hea t  f l u x  j u s t  

below CHF (98%). The pressure,  mass v e l o c i t y  and i n l e t  temperature f o r  each 

run were e s t ab l i shed  and the hea t  f lux 'was  slowly r a i sed  t o  75% of an 

est imated CHF value. The hea t  f l u x  was then increased i n  5% increments 

u n t i l  CHF was ind ica ted  by an observed rapid increase  of e i t h e r  of the  wall  

thermocouple readings, a t  which time, i f  poss ib le ,  a complete l i n e  of d a t a  

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

of the 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 indcca t ion  of nominal t e s t  s ec t ion  condi t ions  f o r  

the  CHF runs and permit ted a c q u i s i t i o n  of heated pressure  drop da t a  where a 

rap id  CHF prevented the recording of a f u l l  l i n e  of d a t a  on magnetic tape. 

'Severa l  r e p l i c a t i o n  runs were made throughout t he  t e s t .  I n  add i t i on  t o  the 

automatic recording of a l l  da t a ,  osc i l lograph  c h a r t s  were a l s o  saved and 

examined. 

V. EXPERIMENTAL RESULTS 

The c r i t i c a l  h e a t  f l u x  d a t a  from the th ree  t e s t  assemblies a r e  presented 

i n  Tables 1, 3 and 4 .  The d a t a  taken a t  98% of the c r i t i c a l  h e a t  f l ux  l e v e l  

a r e  given i n  Table 5 f o r  a l l  t h r ee  assemblies. Table 6 presen t s  the  pressure  

drop d a t a  taken from the th ree  assemblies a t  low o r  zero h e a t  f l ux  leve ls .  

The parameters common t o  a l l  of the da t a  t abu la t ions  a r e  t he  pressure,  

mass v e l o c i t y ,  i n l e t  temperature and enthalpy,  e x i t  enthalpy and qua l i t y ,  

and the average hea t  flux. .The pressure ,  i n l e t  temperature and mass v e l o c i t y  

were the  independent va r i ab l e s  i n  t he  t e s t  mat r ix  and t h e i r  values were 

obtained through d i r e c t  measurement a s  descr ibed,  i n  ~ e c t i o n ' l 1 1 .  The i n l e t  

enthalpy is  determined from t h e  i n l e t  temperature using water property tab les .  

The average,channel  hea t  f l ux  was based on e l e c t r i c a l  power input  a s  determined 

from vol tage  and cu r ren t  measurements. The e x i t  enthalpy was ca l cu la t ed  from 

h c a t  balanoc cquationo ucing thc  avcragc h c a t  f l ux ,  i n l c t  condi t ionc and a 

small  hea t  l o s s  co r r ec t ion  based on d a t a  from a s e r i e s  of hea t  balance runs. 



The e x i t  q u a l i t y  i s  ca l cu la t ed  from the  formula f o r  equi l ibr ium qua l i t y :  

H - H  
X = f  

H - H  
g f 

where H i s  the  e x i t  enthalpy and H H a r e  the s a t u r a t i o n  en tha lp i e s  of 
g' f  

vapor and l i q u i d ,  respec t ive ly .  

Uniform Heat Flux Data 

The c r i t i c a l  h e a t  f l u x  d a t a  from the uniformly heated t e s t  s ec t ion  a r e  

given i n  Table 1. Since the re  were a  number of r e p l i c a t i o n .  runs, the d a t a  

f o r  each s e t  of condi t ions  were averaged t o  produce a  s e t  of base case d a t a  

f o r  comparison purposes. The averaged base case d a t a  a r e  generated i n  

?able 2. The mass v e l o c i t y ,  i n l e t  enthalpy and hea t  f l ux  values i n  Table 2 

a r e  a r i t h m e t i c  averages of r e p l i c a t i o n  runs made a t  the same nominal 

condi t ions .  The e x i t  enthalpy and q u a l i t y  values i n  Table 2 were determined 

s o  a s  t o  agree with the i n l e t  condi t ions  and hea t  f lux.  

The uniform h e a t  f l ux  CHF da ta , excep t  f o r  the 800 p s i a  (5.52 MPa) r e s u l t s  

a r e  p l o t t e d  toge ther  with the o t h e r  CHF d a t a  i n  Figures  6-15. The uniform hea t  

f l ux  CW r e s u l t s  appear t o  be reasonably cons i s t en t  with some exceptions. 

I n  p a r t i c u l a r ,  when CHF occurs a t  condi t ions wel l  above s a t u r a t i o n ,  the  

r e p l i c a t i o n  runs were i n  good agreement with each o ther .  When CHF 

occurred near  s a tu ra t ed  condi t ions ,  there  tended t o  be a  l a rge  s c a t t e r  i n  

the data. 
6 

The fou r  runs a t  2000 p s i a ,  1.0 x 10 l b / h r - f t 2  and 400°F i n l e t  

temperature (13.8 MPa, 1356 kglm2*s and 477'~) shown i n  Figure 10 provide a 

good ' i l l u s t r a t i o n  of t h i s  phenomenon. The four  runs near s a t u r a t i o n  devia te  

over a  range of approximately 172 while those i n  bulk bo i l i ng  dev ia t e  by l e s s  

than 6%. Examination of t he  thermocouple t r a c e s  of these four  CHF poin ts  

i nd ica t ed  t h a t  a l l  o f  these  were poin ts  of i n t e r m i t t e n t  dryout and t h a t  the 

lowest 'po in t  (Run No. 271) was a  marginal CHF poin t ,  t h a t  is, i t s  temperature 

spike '  was barely not iceable .  
- .  

In  genera l ,  i t  appears t h a t  the accuracy of the CHF measurements i n  the bulk 

b o i l i n g  region i s  s u b s t a n t i a l l y  b e t t e r  than t h a t  a t  t he  subcooled sa tu ra t ed  

b o i l i n g  t r a n s i t i o n  region. 



uniform h e a t  f l u x  d a t a  taken a t  98% of CHF and a t  lower h e a t  f l u x  l e v e l s  
. . . .  . . .  . . . .  . 

a r e  "included i n  Tables 5  and 6  where they ' a re  i d e n t i f i e d  wi th  the  des igna t ion  
. ! ' . .  ' . . .  .. : .  . .. 

UNI . . . . . ' 

" ~ l t e r n a t i t & "    eat 'Flux ~ a t a  
. .. . I  ;., . _ - 

The c r i t i c a l  h e a t  f l u x  d a t a  from the t e s t  s e c t i o n  wi th  a l t e r n a t e  high - ) . :  - .  .. , .. . . . . . ._ . .. I .  . '. . . ..' .I . . ' . . .  
and low heat ,  f luxes  a r e  given i n   able 3. The t a b l e  includes  an a d d i t i o i a l  

" 3  % . . ,  

. . 
, .. . 

column showing the  r a t i o  of c r i t i c a l  h e a t  f l u x  wi th  a l t e r n a t e  high and low 
. . . . . n 

h ~ a t  f luxes  t o  t h a t  of t h e  base case  uniform f l u x  p r o f i l e .  The l a s t '  column . . 
1 .  . . . . . . . . 

i d e n t i f i e s  t h e  base case d a t a  p o i n t  from   able 2 which was used i n  c a l c u l a t i n g  
.. - - .  . . 

t h e  r a t i o .  

The d a t a  a r e  p l o t t e d  i n  F igures  6-15 wi th  the  o t h e r  CHF da ta .  I n  

add i t ion , '  p l o t s  of t h e  CHF r a t i o  ve rsus  mass v e l o c i t y  and e x i t  enthalpy a r e  
. . 

given i n  Figures  16-19.. A l l  of the  CHF r a t i o s  l i e  w i t h i n  10% of u n i t y  and 

t h e r e  i s  no apparent t r e n d  of t h e  d a t a  wi th  mass v e l o c i t y  o r  qua l i ty .  It 

i s  a p p a r e n t  from these  p l o t s  t h a t  t h e  thermal performance o f  t h e  heated rod 

is  u n a f f e c t e d - b y  t h e  a l t e r n a t e  h i g h  and low h e a t  f l u x  p r o f i l e  v i s -a -v i s  a  

uniform h e a t  f l u x  d i s t r i b i t u i o n .  

Data fqr,. a l t e r n a t e  high and low h e a t  f luxes  taken a t  98% of CHF and a t  . . .  

lower h e a t  f l u x  l e v e l s  a r e  included i n  Tables 5 and 6  where they a r e  i d e n t i f i e d  

w i t h  the  des igna t ion  ALT. 

" A l t e r n w e ; "  Heat Flux Data. wi.th Exi t  Hot Patch 
, ..i 

The. c r i t i c a l  h e a t  f l u x  d a t a  from the  t e s t  ,sec,tion wi th  an a l t e r n a t e  .. . . I  . '  

high and lqw h e a t  f l u x  p r o . t i l e  and an  e x i t  "hot patch" a r e  given .in Table 4. 

A s  i n  Table. 3 ,  . CHF . r a t i o  va lues .  a r e  g iven toge ther  w i t h  t h e  ,base, case  d a ~ a  

p o i n t  identifier. The d a t a  a r e  p l o t t e d  i n  F igures  .6-15 wi th  the  o t h e r  CHF 

data .  . I n , a d d i t i o n ,  p l o t s  of the  CHF r a t i o  ve rsus  mass v e l o c i t y  and e x i t  
. . 

qual. i t ' i  a r e  given i n  Figures  20-23. Hot p a t c h . d a t a -  tak,en a t  98% of CHF and a t  

lower h e a t  f lux  l e v e l s  a r e  included i n ' ~ a b 1 e s  5 and 6.where they a r e  i d e n t i f i e d  
. . 

with the  des igna t ionHP.  ' . . 

A l l ,  o  the  CHF r a t i o s  a t  p ressures  of 1200 and 1600 p s i a  l i e  wi th in  10% 

of u n i t y ' . i n d i c a t i n g  no CHF performance degradat ion due t o  t h e  hot  patch,  .. 

There appears t o  be a t rend  toward lower CHF r a t i o s  a t  mass v e l o c i t i e s  
2 

g r e a t e r  than., , . 1 . x  l o 6  lb lh r - f  t a n d  q u a l i t i e s  below about 20%. 
. . ; " 



. . . . 

The CHP r a t i o s  a t  high pressure (2000 and 2250 p s i a -  (1348 and 15.3 WPd)a.,' 

i nd i ca t e  a d e f i n i t e  degradation of CHF performanc&: a t  high mass &ldci]Cieb 
2 : ' (12 ,> 1.d x 1 o 6 1 b / h r - f t  , 1356 kg/m2*s) and a t  low e x i t  q u h l k i i e ~  

(X < 0.20). This trend can be seen c l e a r l y  i n  ~ i ~ ~ r e k  2 0  and 22 and a i s o  

i n  Figures 6 arid 8 where the t r iangular  symbols cons is ten t iy  cai.i"o2f' td  tfhd 

l e f t  a t  high hea t  f lux  values reaching a s  low as  26% below the c r i t i c a i  . . . . 

hea t  f l ux  l e v e l s  f o r  the uniform hea t  f lux case. .' 
The set .  of hot  patch t e s t  da ta  most similax'kb these was bkevibltsfy 

reported in  ~ e f e r e n c e  2 ,  where a geometrically . id 'entical t e s t  bodtion.tjha ' 

employed with a 2.U inch (5.U8 cmj e x i t .  hot patch' and h peak-tb~average 

hea t  f l uk  r a t i o  of 2.25. Results from t h a t  t e s t  a l so  inaioatdd $ tdndedoy fok: .a ,  
/ .  . , 

. . 
.CHF decrement t o  occur f o r  the low i n l e t  enthalpy runs a t  high mass ' . 

. . v e l o c i t i e s .  -The hot  patch i n  t h i s  t e s t  was 7% longer with a p e a k ~ t o ~ a \ i ~ t a ( g d  ', 

' heb t  f l u x  r a t i o  t h a t  was 2.7% lower. The, r e su l t ' ba s  a subs t an t i a i  t ~ e h a l  

performance degradatioa over a ' s i gn i f i can t  range q f  yar iab le i .  . ,.. . . .  

. . . . 

VL ;. .CON.CLUSION s 
r 1 . .  . 

1. Nc, C* degrhdation k i t h  respect t o  uni'form hea t  . . .flu. i e n i i l . t k  
' 

. . 
. . ' 

was' observed i n  the d a t a  taken with an a l t e r n a t e  high and Idtt . . 
.. .heat  f lux  p r o f i l e  without the e x i t  "hot patch". 

. . .  
2. The internal ly-heated annulus assembly with &n. a l t e rna t ibg  H & L ~  . .  . , 

f l ux  p r o f i l e  and an . increased e x i t  hea t  f lux  , (Q= "hot '  P~eehl i ) .  . . , 

demonstrated a degradation of CHF '.$erfbrmanci' vj,b-a-vis the '. 

. . 

uniform hea t  f lux  data. This degraded was dbsdrved 
. . 

a t  .high predsure (P 2 2000 ps ia ,  13.8 &a) arid high mkss vekoizkhv 
6 2 2 . . 

(G'> 1 . 0 ' ~  10 l b l h r - f t  , 1356 kg/m .s) .  ' .': . . . . 

3.  he' accuracy of the CHF data  i n  .the bulk bo,ifing region i B  

. subs ta i i t fa l ly  b e t t e r  t h a n . t h a t  of CHF da ta  wh,ege the e x i t  

condi t ions a r e  near  sa tura t ion .  i . -  . . 
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FIGURE 2 
ALTERNATING HEAT FLUX HEATER ROD DETAIL 
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FIGURE 3 

ALTERNATING HEAT FLUX TEST SECTION EXlT ASSEMBLY 
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FIGURE 4 
A X I A L  HEAT FLUX PROFILE 
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FIGURE 5 :  S C H E M A T I C  DIAGRAM OF B E T T I S  LOOP N0:29 
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FIGURE 6.  SUMMARY OF CHF DATA AT 
2 . 7  x l o 6  L B S I H R - F T ~  
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FIGURE 7. SUMMARY OF CHF DATA AT 
2.7 x - l o 6  L B S I H R - F T ~  
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FIGURE 8. SUMMARY OF CHF DATA AT 
2.0 X lo6 L B S / H R - F T ~  
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EXIT ENTHALPY (BTU/LB) 
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FIGURE 9. SUMMARY OF C H F  DATA AT 
2 . 0  x l o 6  L B S I H R - F T ~  
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FIGURE 10. SUMMARY OF CHF DATA AT 
1 . 0  x l o 6  LBSIHR-FT* 
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EX1 T ENTHALPY (BTU/LB) 

FIGURE I I .  SUMMARY OF CHF DATA AT 
1 . 0  x 106 LBSIHR-FT* 

, - 
I I I 

PRESSURE = 1 2 0 0  PSlA 

- 

- 

- 
0 

- 

- 

- 

- 

- 

- 

KEY: - 
O - LJNIFORM HEAT FLUX 

- -ALTERNATE HlGH AND LOW 

1 I 1 
PRESSURE = 1600 PSlA 

- 

- 

- 

- 

- 

- 

- 

- 

HEAT FLUX - 
A -ALTERNATE HlGH AND LOW WITH HOT PATCH 

I I I I I I 



0 
5 0 0  . 600 . 700.  800 600 700 800 900 

EX IT ENTHALPY (BTU/LB) 

I I I 

PRESSURE = 2 0 0 0  PSlA 

- 0 

- 

0PP 

- 
d? 

@ 
- 

K E Y :  - Q 
0 -UNIFORM HEAT FLUX 

- -ALTERNATE HIGH .AND LOW 

FIGURE 12. SUMMARY OF CHF DATA AT 
0.5 x lo6 LBSIHR-FT* 
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FIGURE 15. SUMMARY OF CHF DATA AT 
0.25 x 106 LBSIHR-FT* 
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CHF RUNS 520-625, 2250-2000 

MASS VELOC I T Y  ( lblhr-ft2 x J O - ~ )  

FIGURE 16: Critical Heat Flux Ratio - Alternate High and Lnw F 3 . u ~  
to  Uniform Flux 
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FIGURE 17: Cr i t i ca l  Heat Flux Ratio - Alternate High and Low Flux to  
Uniform Flux 
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CHF RUNS 520-626 

FIGURE 18: Critical Heat Flux Ratio - Alternate High and Low Flux to 
Uniform Flux 
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CHF RUNS 520-626 

A Pressure = , 1600 psia 

o Preseure = 1200 psia 

FIGURE 19: Critical Heat Flux Ratio - Alternate High and Low Flux to 
Uniform Flux 



CHF. RUNS. 386-51 9 

. ... . - . _,: . . . .' .. . . - "  FIGURE 20: Cr'itical .Heat Flux Ratio .- Alternate High and Low Flux with 
Hot Patch to Uniform Flux 
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CHF RUNS 386-519 

FIGURE 22: Critical Heat Flux Ratio - Alternate High and Low Flux 
with Hot Patch to  Uniform Flux 
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FIGURE 23: Critical Heat Flux Ratio - Altermate-High and Low Flux with 
Hot Patch t o  Uniform Flux 
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TABLE 1: C r i t i c a l  Heat Flux Data with Uniform Heat Flux 

L. YASS AVERAGE CALCU- 
V E L O C I T Y  INLET MEASURED 'HEAT FLUX L A T E D  

x 10-6 TEMPER- INLET X 10-6 . E X I T  
HUN PRES- ( L B / H R -  ATURE ENTHALPY ( B T U / H R -  ENTHALPY 
NO. TYPE ( P S I A )  FTSO)  (DEG.F.1 ( B T U / l . B )  F T S Q ~  ( B T U / L B )  

158 CHF 2250 2.708 598.4 611.5 .6i5 733.0 
156 CHF 2250 1.998 596.8 609.4 .496 ' 742.2 
154 CHF 2250 996 599.8 613.6 .30 8.  7?8.4 , 

155 C H F .  2250 0995. 599.5 613.1 ,302 774.6. , 

148 CHF ,2250 503 600.0 613.7 .206 831 0 
152 CHF 2250 ,498 598.1 611.1 .20b 830.2 
150 CHF 2250 251 599.2 612.6 .13Y 902.5 , 

160 CHF 2250 2.715 
162 CHF 2250 2.003 
164 CHF 2250 ,999 
166 CHF 2250 501 
168 CHF 2250 250 

174 CHF 2250 998 
172 CHF 2250 ,503 
170 CHF 2250 ..249 

I 127 CHF 2000 2.729 
125 CHF 2000 2.012 
130 CHF 2000 2.008 

\ 111 CHF 2000 1.006 
109 CHF . 2000 498 
107 CHF 2000 ,247 

134 CYF 
132 CHF 

123 CHF 
121 CHF 
113 CHF 
119 CHF 
115 CHF 
117 CHF 

136 CHF 
138 CHF 
140 ~ H F  

146 CYF 
144 . CHF 
142 CHF 

I 

Conversion Factors: Pressure: (Pa)o = (6893) (psis) 
Temperature: ( K) = ( F + 459.67)/1.8 
Enthalpy: (.T/kg) = (2326) (Rtullbm) 

2 Mass Velocity: ~ k ~ / m ~ . s )  = (1.356 x 19')) ( lbmlft  -hr) 
Heat Flux: (W/m ) = (3.155) (Btulhr-ft  ) 



TABLE 1 (Continued) 

HASS 
VELOCI TY I N L E T  

X 10-6 TEMPER- 
(LB/HR-  ATURE 
F T S Q )  (nEG.F. 1 

AVERAGE 
HEAT FLUX 

X 10-6 
(BTU/HR- 
FTSQ 1 

CALCU- 
L A T E ~  
E X I T  

ENTHALPY 
(BTU/LB) 

MEASURED 
I N L E T  

ENTHALPY 
(BTU/LB  

RUN 
NO. TYPE 

PRES- 
( P S I A )  

295 CHF 
293 CHF 
297 CHF 
301 CHF 
299 CHF 
303 CHF 

341 CHF 
339 CHF 
SOP CHF 
307 CHF 
305 CHF 
311 CHF 

343 CHF 
345 CHF 
3 4 8  CHF 
3i6 CHF 
314  CHF 
337 CHF 

358 CHF 
356 CHF 
350 CHF 
352 CHF 
354 CHF 

19'4 CHF 
192 CHF 
190 CHC 
196 CHF 
188 CHF 
186 CHF 

198 CllF 
200 CHF 
202 CH6 
204 CHF 
206 CHF 

359 CHF 
363 CHF 
361 CHF 
220 CHF 
222 CHF 
224 CHF 



TABLE 1 (Continued) 

M A S S  
VELOCITY I N L E T  MEASURED 

X 10 -6  TEMPER- I N L E T  
(LB/HR- ATURE ENTHALPY 
FTSQ) (nEG.F.1 (BTU/LR)  

AVERAGE 
HEAT FLUX 

X 10 -6  
(BTU/HR- 
FTSQ) 

CALCU- 
LATED 
EX1  T 

ENTHALPY 
( BTU/LB ) 

RUN 
NO.. TYPE 

PRES- 
( P S I A  1 

3 6 8  CHF 
3 2 0  CHF 
2 7 1  CHF 
3 7 0  CHF 
3 3 5  CHF 
3 3 3  CHF 
3 2 2  CHF 
2 6 9  CHF 
2 6 5  CHF 
2 6 7  CHF 

3 8 0  CHF 
2 7 3  CHF 
2 7 5  CHF 

2 1 6  CHF 
218 CHF 
2 1 4  CHF 
2 1 2  CHF 

i- 2 1 0  CHF 
2 0 8  CHF 

1. 365 CHF 
2 9 1  CHF 
2 3 0  CHF 
2 2 8  CHF 
2 3 2  CHI? 
2 2 6  CHF 
2 3 5  CHF 

374 CHF 
3 7 2  CHF 
2 4 9  CHF 
251 CHF 
253 CHF 

3 8 2  CHF 
2 7 9  CHF 
2 7 7  CHF 

2 8 7  CHF 
2 8 5  CHF 
2 8 9  CHF 
2 3 9  CHF , 
2 3 7  CHF 



TABLE 1 (Continued) 

MASS AVERAGE CALCu- 
VELOCITY INLET MEASURED HEAT FLUX LATE0 

X 10-6 TEMPER- INLET X 10-6 E X I T  
RUN PRES- (LR/HR; ATURE ENTHALPY (BTU/HR- ENTHALPY QUALITY 
NO. TYPE ( P S I A )  F T S Q )  (nEG.F.) (RTU/LR) FTSQ)  ( BTU/LB 

247 CHF 1200 .999 399.9 376 3 0520 667.2 .I56 
241 CHF 1200 .992 39909 376.4 0516 666.8 0155 
243 CHF 1200 0498 399.8 376.3 0315 728.8 0257 
245 CHF 1200 . .250 400.0 376.5 . 0213 848.5 .452 

376 CHF 1200 2.712 397.9 374.2 1.000 580.7 0015 
378 CHF 1200 2.013 398.6 374.9 0832 606.3 056 

384 CHF 1200 .998 201.0 171.9 0790 615.3 0971 
281 CHF 1200 .501 ' 199.9 170.8 0474 700.1 0210 
283 ~ H F  ieoo .zso 199.6 170.4 0268 ir12.8 .394 

261 CHF 800 2.021 39907 37505 767 587.9 .113 
263 CHF 800 .998 39904 375.2 0468 636.6 184 
259 CHF 800 .986 399.7 375.4 0457 634.0 6 180 
257 CHF 800 499 399.8 37505 0280 687.8 ,258 
255 CHF 800 .249 399 1 374.9 0190 797.2 ,417 



TABLE 2 :  Base Case - Averaged Critical Heat Flux Data 
with Uniform Heat Flux 

M A Y S  AVERPGF CALCU- 
VFLOCFTY T K L F I  ~ = ~ S U R E D  .HFAT. FLUX L ~ T F ~  

1 0 - 6  T F Y F F R -  T N t E T  X 1 0 - 6  F X I T  
Q?CS- (LR /HR-  P T U R F  FMTHACPY , (RTU/HR-  FNT HALPY Q U  P L T T Y  

TODO T Y P E  (PSTA) F T S Q )  ( P E C o F o )  ' ( l?TU/l .R) F T S Q ) .  ( R T U / L ! ? )  

9 2 1  PFF 
Q 26  SHF 
? 2 1  ? H F  

* See Conversion Factors on next page. 



TABLE 2 (Continued) 

9 5 9  CHc 1 5 0 0  
9 55 C H F  l.hIl9 
? 5.9 CHF 1 6 O O  
Q 69 C H c  1 6 9 0  

4 4  C H F  1 5 0 0  

Q 77 r H F  90C 
S 7 6  C H F  9@C 
Q 7 5  CHF R O C  
9 7 6  CPF R O O  

Conversion Factors : 

 ass P V F ~ ~ C F  c n  LCU- 
V E L O C T T Y  INLFT ~ F A S U ~ ~ F O  H E A T   LUX L ~ T E ~ )  

X 1 0 - E  TEKPFQ- ? N L C T  x 1 0 - 5  F.X I T 
( t f ? / F & -  b T I J G F  ENTHPLPY (J f [ l /F f? -  FNTHALPY C L P L I T Y  
F T S Q I  l E E 6 o F . )  (RTU/L") F T S O )  ( 9 T U / L 3 )  

Pressure : (Pa) = (6892) (ps ia) 
Temperature: (OK) = ( F' + 459.67)/1.8 
Enthalpy: (J/kg) = (2326) (Btullbm), 
Mars Velocity (K /m2*s) (1.356 x lo-') (lbm/ft2-hr) B Heat Flux: (W/m ) = (3.155) (~tu/hr-f t2) 



TABLE 3: Critical Heat Flux Data with Alternate High and Low 
Including Cowarison with Base Case Data 

MASS 
VELOCITY INLET 

x 10 -6  TEMPER-. 
' PRES- (LB/HR- ATURE 
( P S I A )  FTsQ.) (DEQ,F.) 

AVERAGE. 
HEAT FLUX 

X 1 0 - 6  
(B.TU/MR.- 

FTSQ i 

CHF 
R A T I O  

BASE 
CASE ' 

I . D *  

:B :20 
B i20 

.B 1 6  
:B 1 2 '  
B 8  

.B 3. 

.B 1 9  
.B 15 
B  .ll 
B 7 
B 2  

B 1 8  
B 1 4 ,  
B 10  
B 1 0  
B 6 .  
-0 1 

RUN 
NO.. TYPE: 

537  CHF 
'533 CHF 
535 CHF 
5 3 1  CHF. 
529 CHF 
527 CHF 

559  CHF 2250 2 . 7 0 5  5 4 7 . 8  
5 6 1  CHF 2250 1 . 9 9 7  5 4 7 . 6  
563  CHF 2250 998 5 4 7 . 8  
565  CHF 2250 503  5 4 7 . 9  
569  CHF 2250 - 2 5 0  5 4 8 . 5  

625 CHF 2250 2 . 7 0 9  499.0 
623 CHF 2250 2 . 0 0 7  4 9 8 . 7  
6 2 1  CHF 2250 1 . 0 0 1  498 .4  
627 CHF 2250 , 9 9 7  498 .4  
619  CHr 2250 - 5 0 2  4 9 8 . 2  
617 CHF 2250 250 4 9 8 . 4  

I 539  CHF 2000 
5 4 1  CHF 2000 
543 CHF' 2000 

, . 545 CHF 2000 
547 CHF 2000 

557 CHF 2000 
555 CHF 2000 
553 CHF 2000 
5 5 1  CHF 2000 
567 CHF. 2000 
549 CHF 2000 

607 CHF 2090 . 
609  CHF. 2000 
6 1 1  CHF 2000 
613  CHF . 2000 
615 CHF 2000 

579 CHF 1600 ' 

5 8 1  CHF 1600 
577 CHF 1600 
575 CHF 1600  
573 CHF 1600 
5 7 1  CHF 1600 

Conversion Factors: Pressure: (Pa) = (6895) (psia) 
Temperature: 0 OF + 459 67 11.8 
enrhaipy: (~/kg5) . == ($326) (Bt~llbm) 2 Mass Velocity: lkg/m2.s) = (1.356 x (lbmlft -hr) 
Heat Flux: ?w/rnL)- = (3.155) ( ~ t u l h r - f  t2)  



TABLE 3 (Continued) 

. MASS 
VELOCITY I N L E T  

X 10-6 TEHPER- 
RUN PRES- (LB/HR- ATURE 
NO. TYPE ( P S I A )  f T S Q . 1  ( D E G . F . 1  

583 CHF 1600 2 .703 499.2  
585 CHF 1600 2.010 498.7 
5 9 1  CHF 1600 .999  498.4 
587 CHF 1600 ,996  498.6 
589 .CHF 1600 ,507  498.5  
593 CHF 1600 252 498.3  

A V E R A G E  - CALCU- 
HEAT FLUX LATED 

X 10 -6  E X I T  
(BTU/HR-. ENTHALPY 

F T S O )  (BTU/LB ) 

605 CHF 1200 2 . 7 0 1  49'8,1 485.7 .68Y 628 3 
603 CHF. 1200 2.025 497 , 4 484.9 .602 650 9 
599 CHF 1200 1 . 0 0 2  498.4  486.0 ,392  703.7 '  
597 CHF 1200 5 0 1  498 5 '486.1.  .247 . 758 * 7 
6 0 1  CHF 120U ' - 4 9 8  499.1  486 .  Y , 2 4 2  7 5 6 . 1  
595 CHF: 1200 251  4'98.7 , 4 8 6 . 3  . I 6 3  844.7 

CHF 
QUALITY R A T I O  

BASE 
CASE 
I .D* 



TABLE 4: Critical Heat Flux Data with Alternate High and Low Heat Flux 
and Exit Hot Patch Includinp; Corwarison with Base Case Data 

+4 A SS I V E R A G E  CALCU- 
4 

V F L O C I T V  T N L F T  +4FASU!?FD M E A T '  FLUF L a  T F O  
X 19-6  T E g F F V -  T:JL.?T. X 10-6 E X X T  CHF  9ASE 

SUN ORES- ( L R / l - R -  I' T U R E  FNTt IALPY I q T [ J / Y R -  E Y T H A L P Y  C U A L I T Y  R l l T I C .  ~ ' D S E  
NO. TVPF ( P S L ~ ) .  F T S Q )  ( P ~ G . F . )  ( P . T U / L R )  F T S Q I  ( ~ T I I / L F I )  1.0. 

403  C H F  2350 
4 0 1  C H F  2250 
4 3 6  C H F  2250 
399 CHF '7250 
3 9 7  C H F  275G 
395  C H F  2250 

4 2 4  C H F  2250 
4 2 2  CHF 225G 
420  S H F  2250 
5 2 9  C H F  2253 
430 CHF 2250 
4 2 6  C H F  2250 

5 1 6  S H F  , 2 2 5 0  
510 CHF 2250 
450  C H F  2250 
45R C H F  225C 
5 1 2  CF(F 2F50 
4 5 6  C H F  2750 
454  C H F  2250 

4 1 6  C Y F  2000 
t 4 1 4  C H F  7000 

418  CHC 2000 
408  C H F  7000. 
410 C H F  20C0 
4 1 2  GHF 2000 

43R CHF 7000 
436  C P F  29011 
434  C H F  20CO 
4 3 2  C H F  7000 
452 CHF 2000 

464  C H F  2000 
4 6 6  C H F  2000 
4 6 8  CPF 20CC 
5 1 6  CHF 2900 
470 Z H F  2900 
5 1 b  C H F  2OOC 
477 CMF 7300 

Conversion Factors: Pressure: (Pa) = (6895) (psia) 
Temperaturk: (OK) = (OF + 459.67)/1..8 
Enthalpy: (Jlkg) = 2(2326)(Btu/lbm) _3 2 Mass Velocity: 4kg/m . s )  (1.356 x 10 h(lbm/ft -hr) 
Heat Flux: (W/m ) = (3.155)(Btu/hr-ft ) 



TABLE 4 (Continued) 

P V F R A G F :  
K E A T  F L U X  

X 1 0 - 6  
(qTU/HQ-  
F f  S q )  

FnSE 
C A S E  
I . P .  

PUN 
NO. 

L7h ?HF 1hOC ? a 0 0 8  
4 8 0  CHF 1 5 0 0  1 . 0 ? 2  
482  T H F  1 6 3 3  . 5 9 7  
4 8 6  C H F  1bOG .5 5 3  
484 CHF i60C . 2 5 0  

494 CHr 1 2 0 0  7 . 7 1 6  
492 C H F  1 2 0 0  2 . 0 1 4  
496 C H F  l t ? O  7 . 0 0 1  
4'40 CHF 1 2 0 0  9 9 6  
4 8 8  CHF 12CO . 4 0 q  



TABLE 5: Data Taken at  98% of Critical Heat Flux 

SASS 
VELOC 1 TY I N L E T  
X 10-6 TEHPER- 

RUN PRES- (LB/HR- . ATURE 
N O .  TYPE* (PSIA)  F T S Q )  (DEG.F .  

AVERAGE 
H E A T  FLUX 

X 10-6 
( BTU/HR0 

FTSQ 

CALCU- 
LA TED 
E X I T  

ENTHALPY 
( B T U / L B )  

TEST 
sESTIOY 
PRESSURE 

DROP 
( P S I  1 

MEASURED 
I N L E T  

ENTHALP*  
t eTu/k,ei 

Q U A L I T Y  

159 .UNI 
157 UN1 
149 UN1 
153 . UN1 
151 UN1 

161 UNI 
163 UNI 
165 UNI 
167 UNI 
169 UNI 

124, UNI 1600 2.731 547.0 544,7 . ,605 663.4 
122 m I  1600 2.019 - 548.0 ' 546,O .512 681.6 
120 UNI 1600 1.002 549.3 547,6 .305 709.6 
114 UNI 1600 1.002 548.7 546,9. .305 708.9 
116 UNI 1600 .506 547.3 545,l .207 761.7 
118 I 1600 .249 . 547.6 545,5. Is!! 871.0 

147 UNI ,1200 1.003 399.0 37584 .522 654.1 
145 UNI 1200 .502 399.4. 375#8 ,307 701.8 
143 UNI 1200 .248 398.7 375 #.I .206 016.2 - 
* UNI - Uniform Heat Flux 

ALT - Alternate High and Low Heat Flux Profile 
HP - Alternate High and Low Heat Flux Profile with Hot. patch Superimposed 

(See Convete;Sw Factors on Next Page.) 



TABLE 5 (Continued) 

MASS AVERAGE CALCU- 
VELOCITY INLET.  MEASURED HEAT FLUX LATED 

X 10-6 - TEMPER-. INLET X 10-6 EX1 T 
RUN PRES- (LB/HR- ATURE ENTHALPY (BTU/HR- ENTHALPY 
NO. TYPE ( P S I A )  FTSQ) (nEG.F.1 (BTU/LB) FTSQ) (BTU/LB) 

296 UNI 2250 2.706 598.3 611.5 8546 723.9 
294. m I  2250 1.996 598.4 61 1 a6 a453 737 . 9 
298 UNI 2250 1.000 595.8 607.9 8295 771 06 
302 1 2250 .997 598.4 611.6 8294 775.2 
300 1 2250 .SO3 596.6 609.1 a200 828.4 
304 UNI 2250 .250 598 9 612.3 132 899.9 

342 UNI 2250 
340 UN1 2250 
310 2250 

22Sn ::: 1.ms pz.,, 
312 UN1 2250 

344 UNI 2250 
346 UN1 2250 
349 UNI 2250 
319 UNI 2250 
317 m I  2250 
315 X 2250 
338 UNI 2250 

357 UNI 2250 
351 1 2250 
353 UN1 2250 
355 UN1' 2250 

195 UNI 2000 
I93 2000 
191 UNI 2000 
197 UN1 2000 
189 1 2000 
187 UNI 2000 

199 UNI 2000 
a o l  IJ'NI 2a0o 
203 UN1 2000 
205 2000 
207 UN1 2000 

. . 

Conversion Factors: Pressure: (Pa) = (6895) (psia) 
Temperature: (OK) ' = (OF + 459.67)/1.8 
I3ntfialp jr: (3 /kg) = ('2326) (Htu/lbm) 
Mae. Velocity: /kg/m2.0) = (1.356 x 10-~){ lhta / f t~-hr)  
Heat Flux: (W/m ) = (3.155) ( ~ t u l h r - f t 2 )  

QUALITY 

.055 
a 0 89 
0170 
119 
.307 
-479 

-.030 
-.001 
0109 
.2h6 
,467 
.466 

-.096 -. 067 
a 040 
a 056 
.252 
8493 
a 450 

-.206 
-.060 
816'1 . 436 

TEST 
SECTION 
PRESSURE 

DROP 
( P S I  

a019 18. li 
moss 11.7 
.157 5.5. 
*a71  3.3 
a 463 2.5, 



TABLE 5 (Continued) 

MASS 
VELOCI T Y INLET 

X 10-6 TEMPER- 
(LB/HR- ATURE 
FTSQ) tnE6.F.) 

AVERAQE CALCU- 
MEASURED HEAT FLUX LATED 

INLET X 10-6  ' E X I T  
ENTHALPY (BTU/HR- ENTHALPY 
(BTU/LB) FTSQ). (BTU/LB) 

TEST 
Q SECTION 

PRESSURE 
QUALITY DROP 

(PST' 
RUN 
NO; TYPE 



TABLE 5 (Continued) 

MASS 
VELOC I TY INLET 

X 10-6 TEMPER-. 
(LBIHR- ATURE 
FTSQ) (0EG.F.) 

AVERAGE 
HEAT FLUX 

x 10-6 
(BTUIHR- 
F 7 . s ~ )  

CALCU- 
LATED 
E X I T  

ENTHALPY QUALITY 
( BTUILB 1 

TEST 
SECTION 
PRESSURE 

DROP 
( P S I  1 

YEASURED 
INLET 

ENTHALPY 
(BTU/LB 

PRE S- 
TYPE ( P S I A )  

RUN 
NO. 

UNI 1600 
UNI 1600 
UNI 1600 

1200 
IJ'IVI 1200 
UNI 1200 
UNI 1200 
1 1200 
UNI 1200 

LlIJl 1200 
UNI 1200 
UNI 1200 
UNI 1200 
UNI 1200 
U N l  1266 

UNI 800 
UNI 800 
1 800 
UNI 800 
U r n  800 



TABLE 5 ( C o n t i n u e d )  

"ASS AVERAGF CA LCU- 
JFLOCITV I N L F T  MFASUREO FEAT FLUX LATECI 

X 10-6 TEYFEQ- . TNLET X 10-6  EX I T  
RUN ' P'?CS- (L9/HR- II TUP 5 FPITYALPY (RTU/HR- ENT HAL!JY 
NO. TYPF ( P S T A )  FTSO) ( D E G o F o )  (STU/LS)  FTSO)  . ( n T U / L B )  

4 0 4  ALT 2250 2.706 505.6 607.7 ' .48 3 7 (7.0 
4 0 2  ALT 2 2 5 0  2.003 ECC.5 h14.5 404 726.7 
4 0 7  ALT 2PS1 1.032 5 9 5 . 6  609.0 . 2 8 €  767.4 
4 0 0  ALT 2253 .993 6'11.7 616.1  - 2 6 9  766.2 
398 ALT 7259 .493 507.3 610..1 0 1 8 9  A 20.5 
3 9 6  ALT ??SO 253 597.1 604.7 - 1 3 4  897.4 

4 2 5  ALT 2250 2.715 547.7 54b.7 639  675.9 
4 2 3  ALT Z Z 5 2  1.988 548.!! 546.0 526  693.6 
4 2 1  ALT 2 2 5 0  1.900 548  2 545.3 0 3 4 9  7 Z9.4 
4 2 9  ALT 2?59 - 5  04 C L 8 . 5  545.7 2 3 7  8 (5.6 
4 3 1  ALT 2250 e250 548.2 545.4 0 1 5 7  895.6 
427  ALT 2350 250 547.6 544.9 1 5 6  9R7.1 

ALT 
ALT 
ALT 
ALT 
ALT 
ALT 
ALT 
ALT 

I 

5 0 9  ALT ?25i l  2.724 358.7 375.3 0 8 4 2  549.4 

,A:  
5 0 7  ALT 2255 , 2.0!*4 3q9.3 377.0 697  567.6 
5 0 9  ALT 2E5C . .799 399.6 377.3 0 4 5 5  h ? 2 0 i  

$ 5 0 3  ALT 2250 .434 ?'??.€ ' 377.3 .334  753.2 
5 0 1  ALT 2250 .24R 400.0 377.7 .220 868.5 

4 1 7  ALT 7000 2.717 50'3.3 612.5 45 1 7 04.9 
419 ALT 7090 2.0 24 508.7 613.0 - 3 9 0  717.4 
4 1 9  ALT ?000 .9'39 59E .R  613.2 e269  7 5 9 . 2  
40Q ALT 7000 .493 594.5 6 0  F.0  2 7 4  759.5 
4 1 1  ALT 2000 a502 596.8 61.5.3 1'96 8 14.2 
4 1 3  ALT 2000 - 2 4 9  598.2 612.3 130  845.4 

4 3 9  ALT 2900 2.722 547.8 545.1 0600 66R.2 
4 3 7  ALT 2900 2.020. 547.5 544.7 ' 5I;Z 6 86. 4 
435  ALT 2 0 0 0  1.900 549.5 545.0 .345 7 ?9.0 
433  ALT 2000 .5 07 5G7.7 545m.2 .23E 8 C2.9 
4 5 3  ALT 2900 250 54e.A 545.4 - 1 5 5  8 87.1 

TFST 
SECT ION 
PRESSURE 

nR CIP 
( P S I )  

* A p p r o x i m a t e l y  91% o f  CHF (Run 5 0 6 ) .  T h i s  w a s  t h e  h i g h e s t  p o w e r  t h a t  c o u l d  b e  
a p p l i e d  w i t h o u t  g e t t i n g  CHF. 



TABLE 5 (Continued) 

U.4SS 4VES4GE C4LCU- TEST 
V E L O C I T Y  TKLET MEASURED hEAT FLUX : L A T E n  S,ECT I O K  

X 1 0 -  € . TEKFES- TYLCT X 1 0 - 0  FX XT PPESSURF 
RUN P'IES- (LR/H9-  ILTURF FNTH4LPY (r)TU/HR- E Y T  PALPY - C U A L I T V  OROP 
NO. TYPF (PSIA)  F T S Q )  ( 3 F t . F . )  ( P T U / L R )  F TSO)  ( R T U / L B )  . ( ? S T )  

ALT 
A I X  
ALT 
ALT 
ALT 
ALT 
ALT 
AT,T 

ALT 
ALT 
ALT 
ALT 
ALT 
ALT 

ALT 
ALT 
ALT 
ALT 
ALT 

ALT 
ALT 
ALT 
ALT 
AL'l' 
ALT 

?. 7 2 1  
2.0 16 
?. n n ' i  

. 0?6  

.499 
- 2 4 9  



TABLE 5 (Continued) 

YASS 
VELOCITY ' I N L E T  MEASUfiED 

X 1 0 - 6  TEMPER- I N L E T  
RUN PRES- (LB/YR- ATURE ENTHALPY 
NO. TYPE ( P S I A )  FTSQ.1 (DEG.F.1 ( B T U / L B )  

AVERAGE' 
H E A T  FLUX 

X 1 0 - 6  
(BTU/HR-.  

FTSO 

CALCU- 
L A T E D  
E X I T  

ENTHALPY QUALITY 
( e t u i L e )  

TEST 
SEC.TIOY 
PRESSURE 

D R O P  
( .=s 1.1. 



TABLE 5 (Continued) 

RUN 
N O .  

MASS AVERAGE CALCU- 
V E L O C I T Y  I N L E T  MEASURED HEAT FLUX. LATED 

X 1 0 - 6  TEMPER-. I N L E T  X 1 0 - 6  E X I T  
PRE.S- (LB/HR- ATURE ENTHALPY (BTU/HR- ENTHALPY 

T Y P E  ( P S I A )  F T S Q )  (DEG,F.) ( B T U / L B )  F T S Q )  ( B T  U/LB ) 
QUAL I t y  

TEST 
b 

SE.$T I O H  
'PRESSURE 

DROP 
( ' S I )  



TABLE 6: Isothermal and Heated Pressure  D r o ~  Data 

*ASS AVERAGE: .CALCU-s 
V E L O C I T Y ' .  .INLET MEASURED HEAT FLUX L A T E D  

X 1 0 - 6  TEMPER- I N L E T  X 10-6 E X I T '  
RUN P R E S - . ( L B / H R -  ' ;ATURE ENTHALPY ( B T U / H R w .  ENTHALPY 
NO. T Y P E * ( P S I A )  FTS.O) (DEB.F. . )  (BTUILB) . F T S Q )  c - ~ T U I L ~  

129 U N I  2000 3.016 548.6 546.0 .430. 622.3 

106 UNI 2000 2.934 546.3 543.2 .291 596.0 
105 UNI 2000 2.916 548.4 545.9 .I47 572.5 
185 UNI 2000 2.725 549.6 547.3 .248 597.8 
184 UNI 2000 2,722 548.5 545.9 .I65 579.3 
183 UNI 2000 5 7 2 1  549.5 547.2 .083 563.6 

329 UNI 2000 3.014 399.9 377.2 .202 414.5 
330 U N I  2000 3.010 399.6 376.8 .405 452.0 
331 UNI 2000 3.006 399.2 . 376.4 .602 488.4 

* U N I  - Uniform Heat Flux 
ALT - Al te rna te  High and Low Heat Flux P r o f i l e  
Hp - Alternate  High and Low Heat Flux P r o f i l e  wi th  Hot Patch Superimposed 

TEST 
SECT I O N  
PRESSURE. 

DROP 
( P S I  

Conversion Factors:  Pressure:  (Pa) = (6895) (p s i a )  
Temperature: (OK) = (OF + 459.67)/1.8 
Enthalpy: (J lkg)  = 2(2326) (Btullbm) 2 
Mass Velocity:  $kg/m .s)  = (1.356 x ~ ~ - ~ ) ( l b m / f t  -hr) 
Heat Flux: OJ/m ) =, (3.155) (Btulhr- f t  ) 



TABLE 6 (Continued) 
1 ' 
;9 

TEST -.I 

SECTION 
PRESSURE 

4 .  

DROP 
( P S I )  

MASS 
VELOCITY INLET 

X 10-6  TEMPER- 
PRES- (LB/HR- ATURE 

( P S I A )  FTSQ) (nEG.F.) 

AVERAGE 
HEAT FLUX 

X 10-6  ' 

(BTU/HR- 
FTSQ 

CALCU- 
LATED 
E X I T  

ENTHALPY 
(BTUILB) 

MEASURED 
INLET 

ENTHALPY 
(BTU/LB 

RUN 
NO . 

UNI 
UNI 
UNI 

UNI 
UNI 
UNI 

UNI 
UNI 
UNI 
WJ: 

UNI 
UNI 
UNI 

U T  
ALT 
ALT 

, ALT 

38R ALT Z11OC 2 . 7 1 4  4 5 8 . 6  4'36.2 - - - 1 4  .O 
387 ALT 2 0 0 0  , 3 9 8  4 q 7 . 4  4 9 4 . 9  - - - 

!1 . Y  
386 ALT ? 0 0 0  - 2 5 0  498.1 4 5 5 . 6  - - - 1 . 3  

ALT 
AL'P 
ALT 

w 

HP 
HI? 
IrP 

HP 
HP 
HP 




