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This r e p o r t  was prepared a s  an account of work sponsored by the  United S t a t e s  
Government. Neither  the  United S t a t e s ,  nor the  United S t a t e s  Department of 
Energy, nor any of  t h e i r  employess, nor any of t h e i r  con t rac to r s ,  subcontrac tors ,  
o r  t h e i r  employess, 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  the accuracy, completeness o r  usefulness 
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The Shippingport Atomic FWer Station located in Shippingport, Pennsylvania 
was  the first large-scale, central-station nuclear power plant in the  United 
States and the  f i r s t  plant of such size i n  the world operated solely t o  pm- 
duce e lec t r ic  power. This program was star ted i n  1953 t o  confirm the pract ical  
application of nuclear parer f o r  large-scale e lec t r ic  power generation. It h a  
provided much of the technology be- used fo r  design and operation of the 
commercial, central-station nuclear power plants now in  use. 

Subsequent t o  development and successful operation of the  Pressurized Water 
Reactor in the Atomic Energy C d s s i o n  (now Department of Energy, DOE) owned 
reactor plant a t  the Shippingport Atomic Power Station, the Atamic Energy 
Cbmmission i n  1965 undertook a research and dwelopment prugram t o  design and 
build a Light Water Breeder Reactor core fo r  operation in  the Shippingport 
Station. 

The objective of the Light Water Breeder Reactor (IWBR) program has been t o  
dwelop a technology tha t  would significantly improve the u t i l iza t ion  of the 
nation's nuclear f i e l  resources employing the well-established water reactor 
technology. To .achieve this objective, work has been directed toward analysie, 
design, component t e s t s ,  and fabrication of a water-cooled, thorium oxide- 
uranium oxide f i e 1  cycle breeder reactor fo r  ins ta l la t ion  and operation a t  
the Shippingport Station. The IklBR core s tar ted operation in the Shi pingport 
Station i n  the Fa l l  of lw and i s  expected t o  be operated for  about t o  5 
years. A t  the end of this period, the core w i l l  be remwed and the spent fuel 
shipped t o  the Naval Reactors mended Core Faci l i ty  fo r  a detailed exa~lination' 
t o  verify core performance including an evaluation of breeding characteristics. 

In 1976, with fabrication of the S h i p p i w o r t  IWBR core nearlng.completion, 
the Ehergy Research and Dwelopment , Administration, now DOE, established the 
Advanced Water Breeder Applications (AWBA) program t o  develop and disseminsrte 
technical infomation which would ass i s t  U. S. industry in  evaluating.the 
LWBR concept fo r  commercial-scale applications, The program is  exploring some 
of the problems tha t  would be faced by industry i n  adapting technology confirmed 
i n  the MBR program. Information being developed includes concepts fo r  
commercial-scale prebreeder cores which would produce uranium-233 for  l igh t  
water breeder cores while producing e lec t r ic  parer, improvements fo r  breeder 
cores based on the technology developed t o  fabricate and operate the Shippingport 
IkJBR core, and other information and technology t o  aid i n  evaluating coaanercia.1- 
scale application of the LWBR concept. 

A l l  three development programs (Pressurized Water Reactor, Light Water Breeder 
Reactor, and Advanced Water Breeder ~ p p l i c a t  ions) are under the technical 
direction of the Division of,Naval Reactors of DOE. They have the goal of 
developing practical improvements i n  the u t i l iza t ion  of nuclear fuel  resources 
for  generation of e lec t r ica l  energy using water-cooled nuclear reactors. 

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

Revised 1-17-80 
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Experiments were performed t o  e s t a b l i s h  the  
c r i t i c a l  hea t  f l ux  (CHF) c h a r a c t e r i s t i c s  of 
heavy water and l i g h t  water. Tes t ing  was 
performed wi th  the up-flow of heavy and of 
l i g h t  wate-r 'wi thin a  0.3744 inch in s ide  

.. . . diameter c i r c u l a r  tube with 72.3 inches of . 

heated length,  The parameter ranges t e s t e d  
were: 

i n l e t  temperature: 200 t o  600°F, 
(366 t o  589'~) 

mass ve loc i ty :  250,000 i o  3,5.00,000 
l b / h r - f t  2 
(339 t o  4750 KgLm .s)  

hea t  flu*: up : t o  1,3 0,000 ~ t u / h r - f t  ? 
2 

(4.1 MW/m ) 

Comparisons were made between heavy water 
and l i g h t  water c r i t i c a l  h e a t  f l u x  l e v e l s  
f o r  the same l o c a l  equi l ibr ium q u a l i t y  a t  
CHF, opera t ing  pressure ,  and nominal mass 
ve loc i ty .  Resul ts  showed t h a t  heavy water 
CHF va lues  were, on the average, 8  per  cent  
below the l i g h t  water CHF values.  

C r i t i c a l  Heat Flux Experiments i n  a 
C i rcu la r  Tube with.Heavy Water and ~ i p h t  Water 

.. .. , . . ( A ~ A  Development Program) 

. .. . 

This  t e s t i n g  was performed t o  develop a  basic  understanding of  the 

thermal and hydraul ic  . . c h a r a c t e r i s t i c s  of heavy water  compared t o  those of 
. . 

l i g h t  water  over a  range of f l u i d  condi t ions  of i n t e r e s t  t o  pressur ized  

water r e a c t o r  s tud ies ,  
.,. 
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A l im i t ed  s i t  of heavy water  CHF d a t a  was reported by Savannah Riuer - - 
~ a b o r a t o r y  i n  Reference 1. These t e s t s  were performed a t  low pressure  (150 ps i a ,  .. 
1.03 MPa) i n  an i n t e r n a l l y  heated annulus mounted v e r t i c d l y  with 24 inches 

(61  cm) of heated length,  The e l e c t r i c a l l y  heated center  tubes t e s t e d  had 

d iameters  of 0.50, 0.75, and 2.10 inches (1.27, 1.90, and 5.33 cm) with flow 

pa th  equiva len t  diameters  of 0.375 o r  0.400 inches (0.95 o r  1.01 cm). Tes t s  

were performed wi th  e x i t  condi t ions  i n  t h e  subcooled regime wi th  water  flowing 

downward a t  v e l o c i t i e s  ranging from 15 t o  60 f p s  (4.6 t o  18.3 m/s). The 
. . 

subcooled c r i t i c a l  h e a t  f l u x  f o r  heavy water  was reported a s  8% g r e a t e r  

than  f o r  l i g h t  water  a t  cons tan t  i n l e t  subcooling and mass ve loc i ty .  

The t e s t  descr ibed  he re in  was conducted a t  high pressure  with water  flowing 

upward i n s i d e  a  heated tube wi th  e x i t  condi t ions  a t  s a tu ra t ion .  The r e s u l t s  

i n d i c a t e  t h a t  CHI? f o r  heavy water  was lower than t h a t  f o r  l i g h t  water.  A 

q u a l i t a t i v e  comparison between these  t e s t  r e s u l t s  and the Savannah River da t a  

is d iscussed  i n  Sec t ion  V.B. 

11. TEST EQUIPMENT 
./ 

Test ing  was performed i n  a  h igh  pressure  loop i n  the B e t t i s  

Thermal and Hydraulics Laboratory, a s  i l l u s t r a t e d  i n  Flgures  

1 and 2. S i g n i f i c a n t  f e a t u r e s  of the s t a i n l e s s  s t e e l  loop 

included a i r  operated i s o l a t i o n  va lves  and rupture  d i s c s  vent ing  i n t o  a  

l a r g e  blowdown tank. The i s o l a t i o n  valves and blowdown equipment were 

included as a  precaut ion  a g a i n s t  los ing  the  expensive heavy water. The 

loop and t e s t  s e c t i o n  were designed f o r  a  pressure  of 2500 p s i a  (17*2 .MPa) 

and a temperature of 680 '~  (633'~).  

The t e s t  s e c t i o n  cons is ted  of an e l e c t r i c a l l y - h e a t e d  c i r c u l a r  tube of 

304 s t a i n l e s s  s t e e l  providing f o r  the  v e r t i c a l  upflow of' heavy o r  l i g h t  water  

w i t h i n  the tube. Tes t  s e c t i o n  dimensions were 0.3744 inches (9.5 mm) i n s ide  

diameter  by 72.3 inches (1.84 m) heated length. These dimensions were based 

on p r e - t e s t  measurements and co r rec t ions  f o r  thermal expansion. Uniform 

e l e c t r i c a l  r e s i s t ance  hea t ing  was provided by using d i r e c t  cu r r en t  from a 

motor-generator s e t  wi th  maximum ranges of 100 v o l t s  and 25,000 amps. S i l v e r  

p l a t e d  copper te rmina ls  were posi t ioned a t  both ends of t he  t e s t  s e c t i o n  f o r  

e l e c t r i c a l  connections. The t e s t  s ec t ion  was in su la t ed  wi th  Kaylo-10 

(calcium s i l i c a t e - f i b e r g l a s s ) ,  t o  a  nominal ou ts ide  diameter of 5  inches.  
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e -11. INSTRUMENTATION 

- .-- Test  s ec t ion  instrumentat ion included pressure t aps  pos i t ioned  a t  
t 3.25 inches beyond the heated length  a t  both in - l e t  and e x i t  ends. Water 

temperatures were .measured a t  both i n l e t  and e x i t  ends using sheathed 

Chromel-Alumel thermocouples. S ix  wall .  thermocouples f o r  de t ec t ion  of 

c r i t i c a l  hea t  f l ux .  were spo t  welded a t  60-degree i n t e r v a l s  around 'the . 

o u t e r  sur face  of the tubes a t  a d i s tance  1/4-inch upstream of the end of t he  

heated length. Test. s ec t ion  flow was measured using a pre-ca l ibra ted .  o r i f i c e  

flow assembly. The assembly cons is ted  of dupl ica te  o r i f i c e s  mounted i n  s e r i e s  

i n  each of two p a r a l l e l  flow 1egs.designed f o r  high and low v e l o c i t i e s .  The 

t e s t  s e c t i o n  pressure  drop was .measured us.ing. Rosemount d i f f e r e .n t i a1  pressure  

c e l l s .  Operating pressure  was measured using a c a l i b r a t e d  Bourdon-type gage. 

P u r i t y  readings of heavy,water  were made,by f i r s t  measuring the  

dens i ty  of samples ex t r ac t ed  from the loop water  using a dens i ty  meter, . 

Mett le r IPaar  Model DMA 46. This densi. ty was used t o  provlde an indicati-on 

of the  molecular p u r i t y  of a heavy water  mixtu,re def ined as:. 

No. of ~ e u t e r i u m  Atoms 
% of D2° = '  loo ( ~ o t a l  No. of Deuterium and Hydrogen A t a s )  

The d a t a  a c q u i s i t i o n  system included a Honeywell 12-point recorder  

f o r  t e s t  monitoring. A Hewlett-Packard i n t e g r a t i n g  d i g i t a l  vo l tmeter  (IDVM) 

was used t o  measure a l l  thermoaouple and pressure t ransducer  s igna ls .  One 

second and t en  second time i n t e r v a l s  were used on thermocouple and pressure  

d i f f e r e n t i a l  readings, respec t ive ly .  A six-channel osc i l lograph  was used t o  monitor 

the wa l l  thermocouples f o r  i nd ica t ions  of c r i t i c a l  h e a t  f l ux  by an excursion 

i n  wa l l  temperature. Instrument s i g n a l s  on the IDVM were recorded on 

magnetic tape f o r  l a t e r  d a t a  processing. 

I V .  TEST PROCEDURE 

During the t e s t i n g ,  loop condi t ions  were monitored t o  ensure t h a t  the 

oxygen content  was l e s s  than 0.2 ppm and t h a t  the  e l e c t r i c a l  r e s i s t i v i t y  of the 

makeup water was g r e a t e r .  t h p  1.0 megohm-cm. The coolant  was made s l i g h t l y  
. . + 

a l k a l i n e  by use of a bypass ion  exchange column f i l l e d  wi th  r e s i n  i n  the NH . - O H  4 
form. Resin previously deutera ted  wi th  heavy water  was used f o r  the heavy water 

. . 

runs i n  order  t o  avoid l i g h t  water  contamination .through the ion exchange column. 

For l i g h t  water t e s t s S t h e  pH was he ld  a t  9.0 +0.5;, f o r  heavy water t e s t s  
. . 

the same a l k a l i n i t y  was maintained by c o n t r o l l i n g  t o  an ind ica ted  reading 



;'c 
of 9.5+0.5 - on a pH meter c a l i b r a t e d  f o r  l i g h t  water. 

There were fou r  types of t e s t  runs performed, a l l  a t  s t eady- s t a t e  

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

The types  of runs were i so thermal  runs (ISO), h e a t  balance runs (HTB), c r i t i c a l  

h e a t  f l u x  runs (CHF) and runs made a t  98% of c r i t i c a l  hea t  f l u x  (98). Forty- 

f i v e  isothermal  runs were made wi th  no hea t  i n  t he  t e s t  s e c t i o n  t o  

o b t a i n  pressure  drop d a t a  and e s t a b l i s h  the  f r i c t i o n  f ac to r s .  

Twenty-one hea t  balance runs  were made a t  subcooled condi t ions  with 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 s e s  during a l l  

t e s t  runs and t o  provide heated pressure  d r ~ p  data .  Heat l o s s e s  were c o r r e l a t e d  

wi th  the  difference.between the  t e s t  s e c t i o n  wa l l  temperature and the ambient. 

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

exper imenta l ly  determined c r i t i c a l  hea t  f l ux  and a t  a  hea t  f l u x  j u s t  below 

CHY. 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 a b l i s h e d  and the hea t  f l ux  was slowly r a i sed  t o  75% of an est imated CHF 

va lue  based on l i g h t  water  CHF co r r e l a t ions .  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 any 

of the  wa l l  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 t h e  CHF power l e v e l  and a  complete l i n e  of da t a  was recnrded.  Thpsp  

98% runs served a s  a  backup ind ica t ion  of nominal t e s t  s e c t i o n  condi t ions  f o r  

the  CHF runs where a  rapid 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 the  t e s t .  In  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. 

- 
An ind ica t ed  pH of 9.5 f o r  t e s t s  wi th  heavy water  was i n t e r p r e t e d  t o  
p.rovide equivalence between the concent ra t ion  of OD' ions and the  OH' 
ions  used i n  l i g h t  water  t e s t s  wi th  a  pH of 9.0. This  is  the  r e s u l t  
o f  a  co r r ec t ion  of  +0.4 f o r  the meter being c a l i b r a t e d  wi th  Hz0 
s o l u t i o n s  and -0.9 f o r  the  f a c t  t h a t  pKD 0 i s  0.9 u n i t s  g r e a t e r  
than pKH 0. (pH i s  the  negat ive log lo  0% hydrogen ion concent ra t ion ,  

2 pKHzO i s  the  negat ive loglO of the product of t he  concentrat ion of 
hydrogen LH' ]  and hydroxyl [OH'] ions,  and pKD 0 i s  the negat ive loglO 
of the  .product  of the concent ra t ion  of [D'] an3 [OD-] ions.)  



The sequence of t e s t i n g  was conducted a s  follows i n  t h ree  nominally 

i d e n t i c a l  t e s t  assemblies:  

Phase 1 - Runs 1-152 were performed wi th  l i g h t  water  i n  
t e s t  s ec t ion  assembly no. 1. 

Phase 2  - Runs 153-196 were performed w i t h . l i g h t  water i n  
t e s t  s ec t ion  assembly no. 2. . . 

Phase 3  - Runs 197-252 were performed wi th  heavy water  
(93.0 per  cent  pure) i n  t e s t  s ec t ion  assembly 
no. 2. 

Phase 4  - Runs 253-546 were,  performed wi th  heavy water 
(99.84 per  cen t  pure) i n  t e s t  s ec t ion  assembly 
no, 2. 

Phase 5  - Runs 547-634 were performed w i t h . l i g h t  water i n  
t e s t  sect ion.assembly no, 2. 

Phase 6  - Runs 635-636 were performed.-with l i g h t  water i n  
t e s t  s ec t ion  assembly no.. 3. 

Tes t  s e c t i o n  assembly no. 1 represented the  o r i g i n a l  t e s t  s ec t ion  tube 

with moderate s t r u c t u r a l  support.  This moderate support cons is ted  of a  

pipe-support-hanger a t  the e x i t  end and one spr ing  loaded connection t o  

the f l o o r  a t  the  bottom of t h e  t e s t  .section. 

Test  s ec t ion  assembly no. 2  cons is ted  of a  new t e s t  s e c t i o n  tube and 

add i t i ona l  s t r u c t u r a l  support. The new tube was cu t  from the same stock 

a s  the o r i g i n a l  tube used i n  assembly no. 1. This new tube was used s ince  

small  p i t s  were found on the tube sur face  under the  e x i t  copper te rmina ls  

a f t e r  run 152. The add i t i ona l  s t r u c t u r a l  support cons is ted  of a  r i g i d  support 

a t  the t e s t  sect i .on e x i t  and four  connections spring-loaded t o  the f loo r .  

Thio a d d i t i o n a l  s t r u c t u r a l  suppurl  was used t o  reduce re s t  sec t ion  v ib ra t ion  

and t o  help determine whether t h i s  would inf luence t e s t  r e s u l t s .  The t e s t  

condi t ions  i n  Phase 2 ,  runs 153-196 included r e p l i c a t i o n s  of c r i t i c a l  heat  

f l ux  da t a  wi th  the  add i t i ona l  s t r u c t u r a l  support.  

Test  s ec t ion  assembly no. 3  used the same tube a s  assembly no. 2. 

The only d i f f e r ence  was t h a t  a  loose pipe-support was used a t  the e x i t  and no 

support ,  o t h e r  than piping,  was used a t  the  i n l e t  ( L u ~ ~ u m ) .  

This support change was made i n  order  t o  perform an add i t i ona l  check on 

da t a  r e p l i c a t i o n  and i t  showed t h a t  the manner of support had no inf luence 

on the CHF r e s u l t s .  



The t e s t i n g  wi th  heavy water  of 93 per  c e n t  q u a l i t y  i n  t e s t  phase no. 3 

was a r e s u l t  of incomplete d ra in ing  of l i g h t  water  from the loop. While 

t e s t i n g  wi th  heavy water  of t h i s  p u r i t y  was not o r i g i n a l l y  intended, these  , 

93 pe r  c e n t  p u t i t y  runs provided d a t a  f o r  i n d i c a t i n g  the s e n s i t i v i t y  of 

t e s t  r e s u l t s  t o  heavy water  pu r i ty .  Following run 252, the loop was completely 

d ra ined  and evacuated by a vacuum technique, and ' r e f i l l e d  wi th  high p u r i t y  

(99.84 per  cent )  heavy water.  This  h igh  p u r i t y  was maintained and v e r i f i e d  by 

d a i l y  p u r i t y  checks using the previously descr ibed densi ty 'meter .  Af t e r  run 

546, t he  loop was completely drained and evacuated using the vacuum technique. , 

The loop was then r e f i l l e d  wi th  l i g h t  water f o r  the remainder of t he  t e s t .  

For d a t a  reduct ion,  a l l  l i g h t  water  p rope r f i e s  .were evaluated frnm 

Reference 2. Heavy water  p r o p e r t i e s  of s a t u r a t i o n  condit ions,  subcooled 

d e n s i t y  and subcooled en tha lpy  were evaluated from cu rve - f i t s  of the t a b u l a r  

d a t a  g iven  i n  Reference 3. Heavy water  v i s c o s i t y  was evaluated us ing  the  

r a t i o  c o r r e l a t i o n  given i n  Reference 4, Tab le , l  shows the p r i n c i p a l  heavy water 

p r o p e r t i e s  used i n  t h i s  study. 

. The t e s t  s ec t ion  mass v e l o c i t y  was ca l cu la t ed  by d iv id ing  the measured 
2 -5  2 

flow r a t e  by the t;be in s ide  flow a rea  of 7.645 x 10'~ f t  (7 . ln  x i n  rn ). 

The power de l ivered  t o  t he  t e s t  s e c t i o n  water was evaluated a s  the  suppl ied 

e l e c t r i c a l  power l e s s  h e a t  l o s s .  Heat l o s ses  were est imated f o r  both l i g h t  

and heavy water us ing  d a t a  from s i n g l e  phase unheated (ISO) runs and  were 

determined t o  be t y p i c a l l y  l e s s  than 2 per  cent  of the suppl ied power, The 

average t e s t  s ec t ion  h e a t  f l ux  was evaluated by d iv id ing  the  power de l ivered  t o  
2 2 the  water  by the heated a r e a  of 0.5906 f t  (0.055 m ). 

V. RESULTS AND DISCUSSION 

A. Data P resen ta t ion  

The experimental r e s u l t s  of t h i s  t e s t  a f e  shown i n  Tables 2-10, 

Tables  2-4 a r e  f o r  t he  l i g h t  wa te r ' ba se  case. Tables 5-7 a r e  f o r  t h e  

h igh  grade (99.84 pe r  cen t  pure)  heavy water. Tables 8-10 a r e  f o r  the  low 

grade (93 p e r  cent  pure) heavy water. I n  each group, t he  th ree  t a b l e s  

g ive  the  c r i t i c a l  h e a t  f l u x  condi t ions ,  d a t a  a t  98% CHI? power, and d a t a  a t  

s i n g l e  phase condi t ions ,  respec t ive ly .  



The c r i t i c a l  h e a t  f l u x  Tables 2 ,  5 and 8 include water  type 

des igna t ions  a s  l i g h t  water ,  HOH, o r  heavy water ,  DOD. The ope.rating condi t ions  

f o r  each run include the  opera t ing  pressure,  the  mass v e l o c i t y  ca l cu la t ed  

from the  flow r a t e  measurements and the average t e s t  s e c t i o n  hea t  f lux.  The 

i n l e t  enthalpy was ca l cu la t ed  from subcooled f l u i d  p r o p e r t i e s  a t  the i n l e t  

tempe'rature and pressure.  The e x i t  entha1py.-was ca l cu la t ed  by the expression 

where 

QI i s  the hea t  f l ux  . 

A i s  the  heated ' a r ea ,  and 

W' is  the flow ra t e .  

The e x i t  equ i l i b r ium.qua l i t y  was ca l cu la t ed  by the  -expression 

H 
- - .  e x i t  - Iif 

'exit : . . 
where 

Hex i t  
i s  the  e x i t  enthalpy 

H i s  t h e  s a tu ra t ed  l i q u i d  enthalpy 
f .. . . 

H i s  the .  s a tu ra t ed  vapor enthalpy 
g 

The d a t a  condit ions a t  98% of c r i t i c a l  h e a t  f l u x  power l e v e l  

a r e  presented i n  Tables 3 ,  6 and.9 .and  include the  measured tap-to-tap 

pressure drop 

Test  d a t a  f o r  subcooled e x i t  flow condi t ions  a r e  presented i n  

Tables 4 ,  7 and 10 including two types of runs: 

IS0 - no power appl ied  t o  the  t e s t  s ec t ion  
8 

HTB - heated run wi th  subcooled e x i t  condi t ions.  

These t a b l e s  include the Reynolds Number and the  experimental value of the . . 
dimensionless f r i c t i o n  f a c t o r  ( f )  a s  ca l cu la t ed  by the  exprcission 

, . . . , . 



where 

AP i s  the  f r i c t i o n a l  pressure  drop ( t o t a l  AP - e l eva t ion  AP) 

L i s  the  l eng th  ( tap-to- tap)  

D i s  the  tube i n s i d e  diameter  

G i s  t h e  mass v e l o c i t y ,  and 

p is  the  f l u i d  densi ty .  

Be C r i t i c a l  Heat Flux 

The p l o t s  i n  F igures  3-15 were cons t ruc ted  a s  a  means f o r  t he  

comparison of c r i t i c a l  h e a t  f l u x  c h a r a c t e r i s t i c s  between heavy water  

(99,84 p e r  cen t  pure)  and l i g h t  water. These p l o t s  show c r i t i c a l  hea t  

f l u x  versus  e x i t  equi l ibr ium q u a l i t y  (X) f o r  f i xed  va lues  of pressure  and 

nominal mass v e l o c i t y  where X < 0 ind ica t e s  subcooled e x i t  condi t ions.  The 

e x i t  equi l ibr ium q u a l i t y  was s e l e c t e d  a s  the absc i s sa  f o r t h e  p l o t s  ' s ince  

i t  r e f l e c t s  l o c a l  condi t ions  a t  CHF. These p l o t s  show t h a t ,  f o r  a  given v a l u e '  

of e x i t  equi l ibr ium q u a l i t y ,  the c r i t i c a l  hea t  f l u x  f o r  heavy water i s  

g e n e r a l l y  l e s s  than o r  equal  t o  the corresponding l i g h t  water value. The 

average decrement f o r  a l l  of t h e  pure heavy water versus l i g h t  water CHF 

d a t a  was found by observa t ion  t o  be approximately 8%. Phe uncer ta in ty  i n  CHP 

d a t a  of t h i s  na ture  i s  u sua l ly  r e l a t i v e l y  high, on the order  of +lo%. The - 
unce r t a in ty  f o r  the da t a  repor ted  i s  not  accu ra t e ly  known, but  from the  few 

r e p l i c a t i o n s  runs i t  can be i n f e r r e d  t o  be on the order  of + 2 t o  3%. . - 

The heavy water  decrement t rend  w a s  t r u e  f o r  v i r t u a l l y  a l l  t e s t e d  

cond i t i ons  except f o r  two l i g h t  water  d a t a  po in t s  shown i n  Figure 15 a t  t he  

following condit ions:  

I n l e t  
Mass Veloci ty C r i t i c a l  

Pressure  Temperature x lo-6 Heat Flux x 10'~ 
Run ' (p s i a )  - (OF) ( l b l h r - f t  ) ( ~ t u l h r - f t 2 )  

191 800 198 0.503 0.479 

195 800 197 0.482 0.472 

These runs a t  800 p s i a  (5.51. MPa) exhib i ted  r e l a t i v e l y  low values of c r i t i c a l  

h e a t  f l u x  incons i s t en t  wi th  t h e  t rend  of the  o the r  data .  Three a d d i t i o n a l  

runs were made a t  these  condi t ions ,  Runs 554, 631 and 635, and the  r e s u l t s  

f a l l  i n  l i n e  with the balance of  t h e  data.  Although the  cause of the 

discrepancy i s  not  known, the  two runs,  191 and 195, a r e  judged t o  be i n  

e r r o r  and a r e  not  included i n  subsequent d a t a  analyses.  



I n  order  t o  i n t e r p r e t  the v a r i a t i o n s  of c r i t i c a l  hea t  f l ux  between 

heavy and l i g h t  water ,  the c r i t i c a l  hea t  f l ux  r a t i o s  (heavy w a t e r l l i g h t  water) 

taken from t h e  curves' i n  Figures  3-15 a t  equal values of e x i t  equi l ibr ium 

q u a l i t y ,  were examined versus pressure  and,mass ve loc i ty ,  The t rends  

exhib i ted  were considered too weak ,and incons i s t en t  t o  warrant any 

conclusion a s  to. the  v a r i a t i o n  of the  CHF r a t i o  wi th  mass v e l o c i t y  o r  pressure.  

The only apparent t rend was t h a t  a s  the  q u a l i t y  increases  and/or the mass 

v e l o c i t y  decreases  t he  heavy water- to- l ight-water  CHF r a t i o  approaches . l o o .  
P l o t t i n g  hea t  f1ux:versus q u a l i t y  normalizes the c h a r a c t e r i s t i c s  of the two 

f l u i d s  with respec t  :to l a t e n t  . . hea t  of vaporizat ion.  Thus the above mentioned 

t rend , .as  . . seen i n  Figures  . 3-15 . i s  not  su rp r i s ing  s ince  i t  i s  t o  be, expected t h a t  

the c r i t i c a l  hea t  f l ux  phenomena i n  the  two f l u i d s  w i l l  be s i m i l a r  a t  high 

q u a l i t y  a s  the. l i m i t  of t o t a l  channe.1 dryout i s  approached. 

A s  mentioned i n  the In t roduct ion ,  p.revious. t e s t  da t a  reported by 

Savannah River Laboratory i n  Reference 1 indica ted  t h a t  subcooled c r i t i c a l  

heat  f l ux  va lues  f o r  heavy, water  were on the average 8% g r e a t e r .  than f o r  

l i g h t  water  when compared on a  cons tan t  mass v e l o c i t y  bas i s .  Examination of the 
.. . 

CHF d a t a  f o r  t h i s  t e s t  i n d i c a t e s  t h a t  the c r i t i c a l  hea t  f l u x  va lues  f o r  

heavy water  a r e  cons is t , en t ly  lower than f o r .  l i g h t  water  with an average 

decrement of 8 p e r ' c e n t .  This discrepancy between the r e s u l t s  of the two 

experiments may be explainable  on the bas i s  of d i f f e r e n t  mechanisms f o r  

c r i t i c a l  hea t  f l ux  and corresponding re levant  f l u i d  p rope r t i e s  a s  

discussed below. Although t h i s  q u a l i t a t i v e  po r t r aya l  of CHF mechanisms i s  an 

overs i inp l i f ica t ion  of h ighly  complex phenomena, i t  is judged t o  be appropr ia te  
I 

f o r  purposes of t h i s  discussion.  

It is we l l  known t h a t  c r i t i c a l  h e a t  f l ux  phenomena may be genera l ly  

character izCed.using a  p l o t ,  a s  i l l u s t r a t e d  below, of c r i t i c a l  hea t  f l u x  versus 

l o c a l  enthalpy. 

l o c a l  
hea t  
f l u x  

1 .  . 

Region A I Region'B '\ 
DNB I t r a n s i t i o n  

I 
I Region C 

L 

l o c a l  enthalpy 



The c r i t i c a l  h e a t  f l u x  phenomena may be categorized i n  t h ree  

regions:  A, B anc C. I n  the  subcoaled Region A, c r i t i c a l  hea t  f l ux  occurs  

a t  condi t ions  of high h e a t  f l u x ,  low enthalpy,  and a t  bulk f l u i d  condi t ions  

w h i c h - a r e  subcooled o r  a t  low qua l i t y .  The mechanism of CHI? i n  Region A i s  

a  depa r tu re  from nuclea te  b o i l i n g  (DNB) f ea tu r ing  a  vapor patch of 

concent ra ted  o r  coalesced bubbles a t  the heated sur face ;  Region B i s  a  

t r a n s i t i o n  zone. I n  Region C ,  the dryout  zone, c r i t i c a l  h e a t  f l ux  occurs 

a t  low hea t  f l ux  l e v e l s  and a t  high enthalpy. The bulk f l u i d  condit ions 

f e a t u r e  a  two-phase mixture with high qua l i t y .  The mechanism of CHF i s  

dryout ,  t h a t  i s ,  a  dep le t ion  of a  t h i n  annular  f i lm  of l i q u i d  on the  wa l l ,  

, A l l  of the Savannah River t e s t  da t a  were obtained with subcooled e x i t  

f l u i d  conditkons and hence the  c r i t i c a l  hea t  f l ux  was most l i k e l y  a  deParture 

from nuclea te  bo i l i ng ,  region A. Most of the  B e t t i s  t e s t  po in t s  a r e  judged t o  

have been perfomred i n  t he  dryout  region (C) with some suspected opera t ion  i n  

t he  t r a n s i t i o n  region (B) . It is,  t h e r e f o r e ,  judged t h a i '  the  two t e s t  'programs 

gene ra l ly  explored d i f f e r e n t  mechanisms of c r i t i c a l  hea t  f lux.  

J I n  the subcooled Region A a  parameter re levant  t o  thd c r i t i c a l  

h e a t  f l ux  phenomenon i s  the r a t i o  of Weber number t o  Reynolds number 

W 
e  - GP - - - =  viscous  forces  

li. p u su r f ace  rension fo rces  
e 

where 

gr = dens i ty  

P = v i s c o s i t y  

a = ourfacc tcnsian 

G = mass v e l o c i t y  

The func t iona l  dependence on t h i s  parameter i n  Region A i s  such t h a t  increases  

i n  t he  W /R r a t i o . r e s u l t  i n  increased va lues  of c r i t i c a l  hea t  f lux.  This 
e  e  

fol lows s ince  high viscous forces  tend t o  s t r i p  away &he vapor patch and hence 

e x h i b i t  a  h igher  hea t  f l u x  a t  DNB. Low sur face  . tenston forces  p e r n i t  the hl'rhhle 

t o  be e a s i l y  removed, thus  r e s u l t i n g  i n  a  higher  hea t  f l ux  a t  DNB. DNB r e s u l t s  

from the  congestion of bubbles generated a t  the  heated sur face  preven.ting the 

p l e n t i f u l  l i q u i d  from con tac t ing  the  wal l ,  



A s  r e l a t e d  t o  heavy and l i g h t  water ,  t h i s  dependence may be 

expressed a s  

For opera t ion  wi th  equhl mass v e l o c i t i e s ,  p re s su re s  t y p i c a l ,  of both 
0 -Jc 

t e s t  programs and a  temperature of 200 F, t h i s  r e l a t i o n  i s  est imated a t  

L. 

Th.is t rend of higher  c r i t i c a l  hea t  f l ux  ':for heavy water  a s  compared t o  

l i g h t  water is  cons i s t en t  wi th  the- Savannah River t e s t  r e s u l t s  which reported 

an approximately 8 per  cent  increment i n  heavy water  over l i g h t  water on an 

equal mass v e l o c i t y  bas i s .  

I n  region C ,  a  parameter. r e l evan t  t o  c r i t i c a l  hea t  f 1 u x . i ~  the l a t e n t  
7 '  

hea t  of vapor i za t ion  ( H  ) Surface tens ion  and v i sc ious  fo rces  a r e  judged t o  be * 
f g  

of l e s s  importance t o  CHF i n  t h i s  re,gion. The func t iona l  dependence f o r  H i s  
.. fg  

t h a t  c r i t i c a l  hea t  f l ux  increases  a s  the  l a t e n t  hea t  of vapor iza t ion  i ,ncreases.  

This follows s ince  a  f l u i d  wi th  a  high value 0.f H would requi re  more energy 
f g .  

i n  order  t o  dry  out  the l i q u i d  f i lm  than f l u i d  wi th  low hea t  o f , v a p o r i z a t i o n .  

This dependence may be expressed a s  - . 

For opera t ion  over a  range of pressure  from atmosphere up t o  2200 p s i ,  t h i s  

r e l a t i o n  i s  es t imated a t  

- 
0 9; 200 F  corresponds approximately t o  the condi t ions  of the  Savannah ~ i v e r  t e s t s .  



This  t rend  of lower c r i t i c a l  h e a t  f l u x .  f o r  heavy water  a s  compared t o  

l i g h t  water  agrees  wi th  t h e  B e t t i s  t e s t  r e s u l t s  which i n d i c a t e  approximate'ly an 

8 per  c e n t  decrement i n  heavy water  compared t o  l i g h t  water ,  It i s  f u r t h e r  

noted t h a t  ope ra t ing  i n  the q u a l i t y  region corresponds t o  commercial r eac to r  

core  CHF condi t ions  f o r  which t h i s  s tudy i s  appl icable .  

The argument presented above suggest ing the dominance of DNB o r  dryout  

phenomena i n  separa te  regions i s  q u a l i t a t i v e  in  nature.  It i s  put  forward a s  

a  p o s s i b l e  explanat ion of t he  apparent  d i screpancy  between two s e t s  of d a t a  and 

may only apply i n  the extreme cases  of l a r g e  subcooling on the one hand o r  a t  

e n t h a l p i e s  near  t h e  vapor enthalpy on the other .  I n  p a r t i c u l a r  i t  would be a  

mistake t o  conclude t h a t  based on t h i s  argument any given s e t  of f l u i d  condi t ions  

w i l l  n e c e s s a r i l y  r e s u l t  i n  a  h igher  performance r a t i n g  f o r  e i t h e r  l i g h t  o r  

heavy water .  In f a c t ,  some of the d a t a  t rends  i n  t h i s  r epo r t  i nd ica t e  a  

decrease  i n  the l i g h t  water  CHF performance margin with increas ing  qua l i t y ,  a 

t rend  which the above argument suggests  would be more appropr ia te  f o r  the DNB 

region. I t  i s  concluded (1) t h a t  t h e  Savannah River d a t a  and the d a t a  reported 

h e r e i n  although d ivergent  a r e  not  n e c e s s a r i l y  i ncons i s t en t ,  and (2) t h a t  da t a  

t r ends  ok heavy water  versus  Light water  a r e  not  r e a d l l y  amenable ro i n t e r p o l a t l u ~ ~  

o r  ex t rapola t ion .  

C. Pressure  Drop 

Overa l l  t e s t  s e c t i o n  p re s su re  drop d a t a  from the  unheated (LSU) 

s i n g l e  phase runs were used t o  compute va lues  of the isothermal f r i c t i o n  

f a c t o r ,  Figure 16'  shows a p l o t  of isothermal f r i c t i o n -  f a c t o r s  vs. Reynolds 

No. Also shown, f o r  re ference ,  i s  t h e  Moody curve corresponding t o  a  

smooth wall .  The d a t a  gene ra l ly  followed the  smooth Moody curve with 

s c a t t e r .  The s c a t t e r  was somewhat g r e a t e r  than expected p a r t i c u l a r l y  f o r  the 

l i g h t  water  data ,  but  t h i s  was a t t r i b u t e d  pr imar i ly  t o  the low va lues  of 

f r i c t i o n a l  pressure  drop f o r  flow i n  a  smooth pipe. 

The t e s t  s ec t ion  pressure  drop d a t a  acquired i n  t h i s  t e s t  during 

two-phase flow were p r i m a r i l y t h o s e  measured a t  a  power ' level  of approximately 

98 per  cent  of t he  c r i t i c a l  h e a t  f l u x  power l eve l .  In  genera l ,  these  pressure  

drops were approximately equal  f o r  the two f lu ids .  As i l l u s t r a t e d  i n  Figure 1 7 ,  

which i s  a  p l o t  of pressure  drop a t  98% CHF power l e v e l  versus  mass v e l o c i t y  f o r  a  

given ope ra t ing  pressure  and i n l e t  temperature,  the heavy water  pressure  drops 

were approximately the same a s  those f o r  l i g h t  water  f o r  an i n l e t  temperature 



of 4 0 0 ~ ~ .  The heavy water pressure  drops were approximately 7 per  cent  below 

the l i g h t  water va lues  f o r  runs wi th  a  6 0 0 ' ~  i n l e t  tempe rature.  These 

comparisons were made a t  d i f f e r e n t  power l e v e l s  but  a t  s i m i l a r  e x i t  q u a l i t y '  

cond i t  ions. 

D. Low p u r i t y  Heavy Water ' 

As previously discussed,  t h i s  s tudy included t e s t s  wi th  low grade 

heavy water  a t  a  nominal p u r i t y  of 93 pe r  cent.  These runs serve  t o  i nd ica t e  

the  s e n s i t i v i t y  of c r i t i c a l  h e a t  f l ux  performance r e l a t i v e  t o  heavy water  

pur i ty .  

Inspec t ion  of the d a t a  con-firms the genera l  t rend .expressed as :  

CmH20 > CHFD (93% pure) _> CHFD (99.84%) 
2 2 

f o r  given va lues  of opera t ing  pressure ,  i n l e t  temperature and mass ve loc i ty .  

On the  average, the decrement i n  CHF f o r  heavy water  compared t o  l i g h t  water 

was propor t iona l - ,  t o  t he  pur i ty .  The decrement f o r  the 93% pure heavy water 

was found topbe approximately 93% of t h a t  f o r  the high p u r i t y  heavy water based 

on a  comparison of the average CHF decrement f o r  high p u r i t y  heavy w'ater 

versus t he  average CHF decrement f o r  low p u r i t y  heavy water  f o r  a l l  23 cases  

i n  which comparable d a t a  were obtained. This t rend  can be seen from Tables 
. . 2, 5 and.8.  - . 

V I .  CONCLUSIONS 

From f n t e r ~ r e t a t i o n s ' o f  the  d a t a  taken i n  t h i s  s tudy and f o r  the 

ranges of parameters tes ted,  t h e  following conclusions a r e  made: . 

1; Comparisons of the heavy water and l i g h t  water c r i t i c a l  

hea t  f l ux  r e s u l t s  a t  equal values of equil ibr ium q u a l i t y  

a t  CHF, opera t ing  pressure ,  and nominal mass v e l o c i t y  showed 

the c r i t i c a l  hea t  f l ux  of heavy wa te r  t o  be genera l ly  l e s s  

than t h a t  f o r  l i g h t  water,  The average decrement was 

agprdximately 8 per  c e n t D  

2. For c r i t i c a l  h e a t  f lux ,  heavy water p u r i t y  i s  moderately 

important i n  t h a t  s l i g h t l y  lower p u r i t i e s  (i .e. ,  93 per  

c e n t ) , e x h i b i t  c r i t i c a l  h e a t  f l u x  values between l i g h t  

water and the  t e s t e d  99.84 per  cen t  heavy water. 

3. For pressure drop a t  approximately 98 pe r  cent  of '  c r i t i c a l  

heat f l ux  power, heavy water  exhib i ted  approximately the 

same pressure drop t o  s l i g h t l y  l e s s  pressure  drop than f o r  

l i g h t  w a t e r a t  the same mass v e l o c i t y  and i n l e t  temperature. 
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TABLE 1. Heavy Water Proper t ies  Used i n  This Study 

Pressure (psis) . 400 800 1200 . - .  1600 - 2000 2200 

444.92 
. . 

Tsat (OF) 517.23 565.71 , .  602.97 . . 633.52 647.00 

H (Btu/lb) 1117i80 : . 1114;6;7 . 1102.12 1082.84 1057.02 
g 

1041.35 

Hf ( B t ~ / l b )  , 411.92 494.69 554.23 . 602.85 . 645.64 666.01 . . 

Subccoled 
Pro ~ r t i e s :  E 
T ( F) 

Conversion Factors:  Temperature: ' (OK) = '(OF + 459.67) 11.8 

Enthalp y: (J/kg) = ' (2326.) (Btu/lbm) 

Density: 
3 

(kg/m ) = (15.02)(lbm/ft3) 

Pressure: (Pa) = (6895)(psia) 



TABLE 2 . '  Lipht Water 

CRITIC.4t  HEAT FLUX CONDITIONS 

MASS H E I T  
VELOCITY FLUX CALCULbTED 

PRES- I N L . E t  I NLiE T Ki0-6 Kl0-6 E X I T  EX I T  
RUN WATER SURE TEMP, ENTH'ALPT .' (LB/HR- (BTUIHF: ENTHALPV E Q U I L I 8 R I U M  
NO. TYPE (PSI 'A)  (0EG.F) (~BTU/ 'LB) FTSQ) FTSQ) . (BTU/LB)  QUALIT V 

558 HOH 400 197 166 0*2@5 O 296 10 99 O a864 
560 HOH 400 191 166 0.368 0.424 f 0 5 7  0.810 
562 HOH 400 19 6 1s 0 691 0.527 994 0.730 
568 HOH 400 196 165 8mh89 00518 971 0.700 
564 HOH 400 197 1% 0.737 0.674 871 0 0573 
566 HOH $ 0 0  195 1 65 0.982 b • 79U 787 0.465 

193 HOH 
550 WOH 
552 HOH , 

191 WOH 
195 HOH 
554 MOH 

' .691 HOH 
635 HOH 
556 HOH 
633  MOH 

R O O  
a 0 0  
800 
8 0 0 
800 
800 
800 
800 
800 
800 

117 MOH 800 39 8 373 0 252 O 251 I F 4 2  0.917 
119 PlOH 800 398 3 74 0,491 0 456 1091 0 843 
121  frlOH R O t l  39 8 3 74 1 r O O f  0.663 884 8.593 
165 HOH 800 397 373 10807  0.698 870 0.522 
123 HOH 800 3 98 37s 2.013 0.861 704 O 282 
127 HOH 8 0 0  399 379 1.976 0.897 705 0 283 
125 HOH 880  398 374 2.955 0.930 617 0.1S6 

Conversion Factors: Pr,assure : (Fa) = (6895)(psia) Mass VeloeLty: (kg/m2 8) = ( 1 . 3 5 6 ~ $ 0 - ~ )  

Temperature: (OK) = (OF + 459.67)/1.8 (lbm/f t -hr) 
Heat Flux: 

2 
Enthalpy : (;/kg) = (2326.) (Btullbm) (w/m2) = (3.155) (Btulhr- f t ) 



RUN 
NO. 

WATER. 
7 VPE 

HO H 
HOV 
HOH 
HOH 
HO H 

HOH 
HO H 
HO'H 

., HOH 
MOH 
HOH 
HOH 

HO H 
HOH 
WOH 
HOH 
HOH 
HOW 
HO H 

TABLE 2 (Continued) 
. ,  . 

C 3 I T  ICAL HEAT t L ~ ~  CONDITIONS 
. . 

H'A ss H E A'T . 8 VECOCITV F ~ u ' x  29LCULATED 
PRZS- I N L E T  I N L E T  X iO-6  X i 0 - 6  E X I T  E X I T  
SURE TEHP. ENTH9LPY ( L B I H R -  (.BTUJHR- ENTHALPY E Q U I L L B R I U H  

(PS'I'A) ( D E G . ~ )  (BTU/LB)  ' .F.TSQ) . . FTSQ)  (BTUILB) OUALI TI 



TABLE 2 (Con-tinued) 

C3fT  I C A ,  HEA' FLUX .CONDITIONS 

KA SS HEAT 
VTC.OCITY FLUX SfiLCULATEO 

PRES- ' INLET ' I N L I T  XlO-6 X IO-6  E X I T  EX IT  
SU2E TEPlP. E q f H 1 L P Y  (CB/i-tR- (BTU/HR- ZNTHALPY . E Q U I C f B R I U M  
(PSId) ( D E G r ' )  f 3 r ! J / L B I  FTSQ)  F T  SQ) 4 BTU/LB)  QUALIT V 

W AT'E R 
f YPE 

RUN 
NO. 

HOH 
HO H 
HO H 
HO I4 
HO H 
HOH 
HO H  

HO H 
WO H 
HQ H 
MOH 
HOW 

HOH 
HO H 
HOH 
HOH 
HO w 
HO H 
HOW 

HO H 
HOH 
HO H  
HO H 
HO H 



TABLE 2 (Continued) 

C i I T I C A L  HEAT F L U X  C O N D I T I O N S  

RUN' W ATEF! 
NO. TYPE 

1 2 9  HOY 
,131 HOH 
133 HOH 
1 3 5  HOH 
1 4 6  HOH 
1 8 7  HOH 

9% HOH' 
8 9  HOH 
7 5  HOH 
8 7  HOH, 
7 7  HOY 
79 HOH 

179 HOY 
8 1  . H O Y  
8 s  HOH 
' 8 5  NOH 

6 1  HOH 
5 9  HOH 
5 7 .  HOH 
5 5  VOH 

177 HOH 
5 3  .WOH 

M A S S  HEAT 
V E L O C I T V  F L U X  2 4 L C U L A T E D  

PRZS-  I N L E T  I N L E T  X I O - 6  X i O - 6  E X 1  T EX I 1  
S U i E  TEMP. E N i H A L P Y  ( L B / H P 0  (BTUIHR-  ENTHALPY E Q U I L I B R I U M  

(PSIA)  ~ O E C I ' )  ( B f Y / L S )  FTSQ)  F T S Q )  ( !3TU/LB)  Q U A L I  T(l 



TABLE 2 (Continued) 

:RUN 
NO. 
. r 

C S I  T I C A i  HEAT FLUX CONDIT IONS 

Y A S S  HcAT 
VELOCITY FLUX C4LCULATED 

PRES- I N L t r  I N L I T  K 10-6 X iO-6  E X I T  EX11  
WATE? S U E €  TFHD. E N 1  HALPV (LB/HR- (BTU/HR- I q T  HALPY E Q U I L I S R I U H  

( P S I A )  ( D E t o ' )  tBf !J /BB)  F T S Q )  F I S Q )  (9TU/L33) QUALI T I  

HOH 20C0 
HOH 20C0 
HOH 20C0 

'HOH 20Cfl 
HOI? P0.G 0 
HOH .20PO 

HOH 20C9 
HOH 20CO 
HOH 20CO 
HOH 2OCO 
HOH '2OCO 
HOH 20C0 
HOH EOIIO 

W O W  2'21: 0 196 l 7 O  0 250 '0; 237  9 0 1  0.480 
HOH 22C'O 19  7 170 0.694 0 . 3 8 9  778  0.194 
HOH 22'C 0 197 . l ' v Q  0.. 984 0.662 6 90 - 0  1013 

HOH ~ 2 ~ 0  397 375 o 241 o 1 8 2  95 s 0.616 
HOH P2C0 .. 399 3'- 0.491 0 295 839 0.339 
HOH 2200 '  3 9 8  ,3 fi 0.982 0 461 - 7 3 8  0 I 100 
HOH '22[!!j '397 3 75 1 e . 9  73 ' 0 .824  6 96 0.006 



TABLE 2 (Continued) 

RUN 
N 0. 

WATER 
TYPE 

HO H 
HOW 
HO H 
HOH 
HO H 
HO H 

MO 
UO H 
HO H 
HOW 
HO H 
u 0  H 

t4O H 
HOM 
HO H 
HO H 
HOH 
HO 

CSIT ICAI  HEAT =LUX C O N D I T I  CNS 

HA SS HEAT 
: V.FLOCITV F.LUX GALCULATE3 

DFTS- INLET I Y L E T  K10-6  X.10 -6 E X I T  E X I T  
SUP€ T.EflPm ENTHALPV (LB/H2- .  ( B T U / H S 0  ENTHALPY E Q U I L I B R I U M  

( P S I A )  ( D E G a , F )  (R fU /LB)  FTSQ) FTSQ9 ( 3 T U / L 9 )  .QUALITY 



TABLE 3.  Light  Water 

RUN WATEQ 
NO. TYPE 

5 5 9  HOH 
5 6 1  UOH 
5 6 3  HOH 
5 6 9  'HOH 
5 6 5  HOH 
5 6 7  HOH 

1 9 4  ' HOH 
5 5 1  HOH- 
5 5 3  HOH 
1 9 2  HOH 
1 9 6  i r 0 ~  
5 5 5  HbH 
6 3 2  UOH 
6 3 6  HOU :, 
5 5 7  HOH 
6 t b  MOM 

1 1 8  HOW 
1 2 0  HOH 
1 2 7  *HOH 
1 8 6  HOW 
1 2 5  HOH 
1 2 8  UOH 
1 2 6  HOH 

D R E  SSURE DROP C O N D I T  IOYS 
fir 98 PER CENT C 4 F  POHER 

U ASS HE AT 
Y E L O C I r Y  FLUX C A L C ,  TAP-1 AP 

PPES- INLET INCFT X10-6 ' X10-6  EX IT  EX1 1 PRESSU2E 
SURE TEH?.  ENTHALPY (LB/Hc?- I 9 l U / H R -  ENTH4LPV ' Q U I L I  8RIUf l  0 R3 P 

(PSI A 3  (PEG. F) (BTU/LBI FTSQI FTSQ) - (BTU/LB l  Q U A L  I f  Y ( P S I )  

4 00 
boo  
4  00 
400 
400 
400 

8 00 
3 0 0  
8 DO 
000 
R 00 
R O O  
R O O  
9 00 

.8f)O 
0 0 0  , 

600 
son 
en0 
8 00  
900 
8 0 0  
8 00 



TABLE 3 (Continued) 

P3ESSUSE OSOP C O N O I T f  ONS 
4 T  98 PER 2 E N f  C A F , P O U E R  

HEAT 
FLUX CALC.. 
X 1 0 - 6  , E X I T  EX1 T 

( BTU/HR- ZNTH4LFY E 3 U I L f  BRIUM 
F T S Q)', (BTU/LB)  QUAL I T  Y 

. . MASS 
VELOSITY 

INLE T  INLET XIO-6 
TEMP. ENTHALPV ( L B / H R -  

(OEG.  F) (BT!J/LB) FTSQ) 

TAP-TA? 
PRESSURE 

D R 3 P  
( P S I )  

pR.ES- 
SURE 

('S ID.) 
RUN HATE.? 
NO* TYPE 

1 4 8  HOH 
152 HOH 
1 5 0  HOH. 
5 7 1  HOH 
57.3  ' YOH 

, .. 

116: HOH 
1 '  HOH 
1 1 2 -  HOH 
184 ,  HOH 
1 0 6  HOH' 
1.0'6'. )40 H 
1 1 0  HOH 

64.- HOH 
66 HOH 
6 8  HOH' 
7 4  HOH 

1 7 6  HO I4 
7 0 -  POP: 
7 2  HOH 

1 4 2  HOH 
1 4 4  HOH 
5 7 5  HOH 



TABLE 3 (Continued) 

?2ESSURE DROP C O q D I T I O N S  
4r 98 PER 2ENT C i F  POHER 

MASS 
VELOCITY 

P 9 E S -  I N L E T  INLET X i O - 6  
SURE TEHP.  ENTHALPY (LB IHR-  

( P S I A )  (0EC.F) (9 fU /L01  F T S Q l  

HEAT 
FLUX 
X i O - 6  

( B T  U/HP- 
FT SQ 1  

CALCm 
EXIT EX1 1 

ENT HQ:-PY E Q U I L I  B R I  UN 
( !3TU/ tB1 .QUALIT Y 

TAP-f  A ?  
PRESSURE 

0 R3' 
( P S I )  

RUN 
NO . WATEF 

TYPE 

HO H 
HOH 
HO H 
HO H 
VO Y 

HO H 
)40 H 
HO H 
HOH 
HO H 
HO H 
)c9 H 



TABLE 3 (Continued) 

P3E SSURE DROP C O Y  O I T I  CNS 
A T  9 8  PF? .CENT CHF POWER 

+ .  . - .  
: , % 

A , MASS 
i VELOCITY  

PPES- I N L E T  INLET X I O - 6  
RUN WATFP SURE TEfl ' .  EMTHALPY (L  B/HR- 
NO. TYPE ( P S I A I  (0EG.F )  fBTU/LB)  'FTSQ)  

. . 

1318 MOH 2r100 
1 3 2  WOH 2 0 0 0  
1 3 4  HOH 2 0 0 0  
13.5 HOH 2 0  00  
1 8 9  HOH 2 0 0 0  

HOH 2 0 0 0  
HO H 2 0 0 0  
HOY 2 0 0 0  
HOH 2 0 0 0  
HO 2 0 0 0  

2 0 0 0  
HO Y  t o 0 0  
HOW 2 0 0 0  
HO H 2 0 0 8  
HOH 2 0 0 0  

6 2   fib^.. 2 8 0 0  
6 0  HOY , 2 0 0 0  
5 8  HOH ' 2 0 0 0  
5 6  HOH ' 2 0 0 0  

1 7 8  HOH 2 0 0 0  
' 5 5  HOH 2 0 0 0  

HEAT 
FLUX C A L C *  T A P - 1  4 P  
X 1 0 - 6  E X I T  E X 1  T  PRESSURE 

(BTU/H3- ENTH4LFv  I Q U I L I B R I U H  D R I P  
FT  SQI* ( BTU/LB)  Q U A L I T Y  ( P S I )  



TABLE 3 (Continued) 

PRESSURE DROP C O V O I T I O N S  
4 1  9 8  PER CENT C 4 F  POWER 

MAS5 
J E L O S I T Y  

I N L E T  I N L E T  X 1 0 - 6  
TEN'. ENTHALPV ( L B I H R -  

( D E G e  F) ( B l U / L Q )  F T S Q I  

HEAT 
F L U X .  CALC. 
X 1 0 - 6  E X I T  

(BTU/HR- I N T H 4 C F Y  
F f  SQ) (BTU/LB)  

T A P - 1  AP* 
EXIT PRESSURE 

E Q U I L I  B R I U Y  DROP 
. Q U A L I T Y .  , (PSI) 

P?ES-  
SURE 

( P S I A I  
RUN 
NO. 

HO H 
CiO H 
HOH 
HO H 
HOH 
MO I4 

HOH 
HO H 
HO H 



TABLE 3 (Continued) 

PRESSURE DROP C O N D I T I O N S  
4T 98  PES CENT C H F  POWER 

MASS H E A T .  
VELOCITY  FLUX C A ~ C .  T A P - t 4 P  

P IES-  I N L E T  I N L E T  ' X1O-6  X i O - 6  E X I T  E X I T  - PRESSURE 
RUN WATER S3RE T E H 3 .  f NtHALPY ( L B I H R -  ( S T  U/HR- ENTHALPY Z Q U f  L I B R I U H  0 ROP 
NO,. TYPE ( P S I A )  (0EG.F) (BTU/L89 F T S 3 )  , F T S Q I  ( B T U / L B )  Q U A L I T Y  (PSI) 

60% ).10~ 
6 0 2  HOH 
6 0 0  HOH 
596 HOH 
5 9 8 .  HOH 
594 FcOH 

6 0 6  HOH 
6 0 0  WOU 
6 1 0  HOY 
6 1 2 .  WOH 
616 HOH 
616 HOH 

628  .HOH 
6 2 6  HOH 
624 . HOH 
6 1 8 ,  HOH 
6 2 2  HOH 
6 2 0  HOY 



TABLE 4 .  Light Water 

SINSLE PHASE 
P i Z S S U R E  DROP CONDITIONS 

D I E S -  
S U Y E  

(PSIA)  

8 0 0  

R O O  

1200 
120 0 
1200 

I N L E T  
TEMP.  

I D E G r F )  

1 $ 7  

39 8 

159 
1 9 9  
1 Q 7  

CALC. TAP-TAP 
E X  I T  PRE SSURE ,. : .  .EXPER. 

ENTHnUPY DROP !REVN3LDS,  F R I C T  f ON 
(BT3/LB) ( P S I )  NUM3Eq FdCT OR 

I N L E T  
ENTH9LPY 
( Q T U I L B )  

RUN W A T E R  ~ u N  - .  

NO. TVPE T Y P E  

1 2 0 4  HOH I S 0  

9 W H  I S 0  
1 0  HOH I S 0  

947 HDH I S 0  

8 HOH I S 0  
7 H O H  ISO 

HOH I S 0  

HOH I S 0  
HOH I S 0  
HOH I S 0  
HOH I S 0  
HOH I S 0  
HOH 150 
HOW I S 0  
HOH I S 0  

HOH I S 0  
HOH ISI) 
HOH I S 0  
HOH I S 0  
HOH I S 0  
HOW IS0  



TABLE 4 (Continued.) 

SUN WATER SUN 
,NO, T Y P E  . TY P.E 

SINGLE PHASE 
P R E S S U R E  DROP CO.YD1TIONS 
, . .  

. . MASS H E 4 . f  

VELOCITY'  FLUX CALC.  T A P - T A P  
>RES- I N L E T  I N L E T  X I O - 6  . X I O - 6  . f X1.T PSESSURE 

' S U R E  TEMP. ENTH9LPY (L3 /HP-  ( B T 3 I H 2 -  ENTHALPY DROP 
(?sI&) (DEG.F) ( B T U / L ~ )  F T S Q )  F T i Q )  (BTU/LB) ( P S I ) .  

6 2 9  HQH   IS^ . 2 2 0 1 . .  597 

11 HOH H t B . .  . 1 2 0 0  1 9 8 '  
12 HOW HT 8,  1 2 0 0  1 9 8  
1 3  HOH H T q '  1 2 6 0  1 9 8  
1 u ? q H  W B  . 1 2 0 0  . 2 0 3  

l e e  . H O H .  ~ 7 9 '  1200 397  
I b B  HOH YTB'  120.0 39  8 
1 4 9 .  NOH HTO 1 2 0 6  398 

1 8  HOH '. HT8 . 2 0 0 a  39 8, 
1 5  ' UGH HT9  2 0  0-'0 398' 

1 5 7  HCIH YTQ 2 0 0 0  39 7 
1 5  HOH HT9  2 0 0 0  3 9 8  
1 7  HOH HTB. 2 0 0 0 -  : 39'8 

1 5 8  HOIH :HTB 2000:  3 9 8  

' .  EXPER. 
REYN3LDS F R I C T I O N  

NUM3ES FACT OR 



TABLE 5. 'Heavy Water (99.84%) 

C R I T f C A L  PEAT FLUX. C O N O I T I  CNS 

YA S S HEAT 
V E L O C I T Y  FLUX 2 .ALCIIL1  TET 

SREE- I:qLc'T I Y L C T  X10-5 X10-6 EXZr EX I T  
RUN W 4 I E R  S.UPE T E9P. E . N f  H4LPY (LB/YP- ' fRTU/HR-  ,NTHhLPY E Q ' J I L I B R I U M  
NO. TYPE ( P S I I )  (0EG.F) (eTU/LB)  FTS3)  F T S Q )  ( 9 T U I L 9 )  Q U A L I T Y  

b*6 , 000 
550  D O 0  
%65  0.30 
4 6 7  .DO0 
tee ooo 
*52 000 
4 6 9  000 
4 7 1  000 
4 3  D O 0  

SO7 D O 0  80g 39 7 - 3 6 1  0 .244 0 .218  1050 0 .8% 
4 0 9  D O 0  800  397 361 0.495 0 ,412  1 0 0 4  0 . a 2 1  
4 1 1  000 800  39 ? 3 6 1  0 977 0.593 830  0.542 
4 1 7  DO0 900 395 360 0 993 0 .597  824 0.531 
4 1 7  Dl00 R O O  398 362 1 . 9 7 1  01??1 66 b 0.274 
% I S  DO0 8 0 3  395 359  2 .966  0.848 5 8 0  0.138 



TABLE 5 (Continued) 

HA SS HEAT' 
VELOCITY FLUX 

PRES- I N L E T  I Y L E T  K10-6  X i O - 6  
SUqE TEMP, ENTHALPY (LB/HR- (BTU/HR- 

( P S I A )  1DEG.F) f B T U / L B )  FTSQ)  F f  Sf?)  

2ALCUL4Tc3 
E X I T  E X I T .  

ENTHALPY E Q U I L I B R I U M  
1 BT!J/CB.) qUAL1,TY 

RUN HATER 
t10, ' TYPE 

439 000 
144 : ooo 
458  000 
5 4 1  DOD 
.087' .  000 
%a9 OOD 

4 0 5 ' -  DOD 
403  Do0 
4 0 1  DO0 
3 9 7  DO0 
395' DOD 
399 DO0 

3"3 2, DO D 
328'.  OOD 
326 DO0 
3'30 000 
379 DO0 
324 000 

, 3 2 2  000 

4 3 7 '  . OOD 
. b54 000 

435 DOD 
456 140D 
54'2, DOD 



TABLE 5 (Continued) 

C R I T I C A L  4EAT FLUX C O N D I T I O N S  

RUN 
N 0 

HA SS FIEA T  
V E C O C ~ T Y  FLUX ~ ~ L C U L A T E ~  

PRES- INLET ZYLET KiO-6 X10-6 E g I f  E X 1  1 
W4TEP SU?c TEflzm ENTHALPY (LB/HR- (BT!J/HR- ENTI-AL;P' i '  E Q U f L I B R f U #  
TYPE ( P S I A )  ( DEGIF) ( 9 f  U f L 9 )  FTSQ)  F.f S R )  (BTL ' ILBI  Q U A L I T Y  

290 3 0 0  1600 54 7 5 24 0.246 O m  155 L310 0 848  
292  300 1600  . 5C6 524 Omli87 ' O m  232 392 0.603 
294 DO0 1600 54'7 5 25 0 9 8 2  Om320 ir77 0 362 
296 DO0 1600  545 524 1 a993 0,395. 577 Oe155 
300 DO0 1600  54 9 5 2 5  1 983 6.395 579 0.159 
298 DO0 1680  54 8 5 7 6  2 0.949 0ab6Q 6%? 0 093 



TABLE 5 (continued). 

RUN 
N a. 

' .  . w r r  I C A L  u ; A i  F L U X  C C Y ~ X T I O N S  
. , 

, , .  MkSS 
I - .  VELOCITY  

PRES- I N L E T  I YLET X i O - 6  
W4TEP SURE T'EMP, ENTHALPY <LB/H2-  
t r P E  (PSIA) ( D E G O F )  (BTUILB) FTSO)  

H;P T 
FLUX S ~ L C U L A T E ~  
X ~ D - 6  E X I T  E X I T  

(BTu/HR- E Y  THALPV E Q U I L I B R I U H  
F T S Q )  . ( B T U / L B ) .  U A C I  TY 



TABLE 5 (Continuzd) 

CRIf fC4L H E 4 7  FLUX. C O N D I T I O N S  

M A S S  H E 9 T  
VELGCITY FLUX 2 4  L C U L ~ T L  3 

PRTS- I N L E T  I Y L E t  X i O - 6  X I O - 6  E X 1  T E X I T  
SURE TEMPm ENTHALPY ( L B I H 2 -  (BlUI /HR- ENTHAiLPY E Q U I L I B R f U M  

( P S I  A 1  ( O E G e F )  ( B t U / L B )  FTSQ) FTSQ)  t BTUfiL9) QUALITY 
RUN 
N 0. 

WATER 
T VPE 



, TABLE 5 (Continued) , , 

C q I T I C A L  HEAT FLUX CONDIT IONS ' 

M A S S  HEAT 
Y E  LOCI T Y  FLUX C ~ L C U L ~ T E D  , 

PRSS- I N L E l  I Y L E T  X i 0 - 6  X l O - 6  E X I T  E X I T  
RUN WATER S U Q E  TEMPe E N f H A L P Y  . ( L B / H R 0  (BTUIHR- E N T H A L P Y  E Q U I L I B R I U H  
NO. TYPE (PS. tA9 -(OES.F) (B fYCLB)  .+FTSQI FTSQ)  ( B T U I L B )  Q U A L I T Y  

5 2 4  . D O 0  2 2 6 0  698 
. 5 2 2  0 0 0  2 2 0 0  498 

'503 300 2 2 0 0  4 9 7  
499 DOD 2 2 8 0  496 
5 0 1  D O 0  2 2 8 0  49 5 
5 2 6  DOD 2 2 8 0  498 

' 5 1 8  DO0 2 2 0 0  547 
520  DOD 2 2 0 0  547 
5 0 5  0 0 0  2 2 0 0  - 547 
S 9 l  . DO0 2.20'0 569 

, 5 1 5  D O 0  2 2 0 0  5 4  8 
b93 DOD 2 2 0 0  : 547 



TABLE 6. , Heavy Water (9k.847,) 

PI.ESS'~~R,E 0 2 0 ~  CcwITroNs  
A.T 9 D  PE?. CENT CHF POWER 

MASS 
YELOCIT Y 

f NLFT X i  0-6 
ENTHALPY ( L B l r F -  
I Q T U I L B )  FTSQI l  

HE4T  
FLUX 
X10-6 ' 

(BTUiH2- 
FT S Q  I 

TAP-T A ?  
PqESSURE 

D R I P  
( P S I )  

PQES- 
SURE, 

( P S I A )  

I N L E T  
TEHP. 

Q PEGme F) 

E X I T  
EQUIL IBRIUM 

QUALITY 
RUN ,WITER 
NO, . T Y P E  

4 8 6  DO0 
8'82 000 
480  DO0 
486 0 0 0 .  
448  DOD 
476 000 

4 4 7  DO0 
451  DOD 
4 6 6  DOD 
6 6 8  000 
009 000 
453 * DO0 - 
670 000 
4 7 2  DOD 
47% DOD 

R b O  
R 00  
R O O  
800 
soa 
8 0 0  



TABLE 6 (Continued) ., 

PRESSURE DROP CONDITIONS 
4r 98 PE7 ZENT C Y F  POWER 

MAS'S HZA'I  
VELOCITY FLUX CA LC T a P - r v  

P3ES- INLET INLFT X10-6 X100.6 E X I T  EXIT PREESURE 
RUN ~ W E R  SURE Tf MP.  ENTHALPY ( L B I H R -  IBTU/HR- ZNTHALPV EQUILIBRIUH D R O P .  
NO. TYPE I P S 1 4 3  ( 0 Z G . F )  (BTU/LB) FTS3) FTSQb ( B l U / L B )  QUALITY ( P S I  1 

440 000 
465:  DO0 
4 5 9  DO0 
4f2 DO0 : 
6 9 8  DOD 

4 0 6  DO0 
40b DOD 
4 0 2  000 
398 DOD 
396  DOD,' 
boo ' DO0 

382 DOD 
3 8 1  000 
376  DO0 
3811 000 
377 000 
376 DOD 



TABLE 6 (Continued) 

PI?ESSURE DROP C O q D I T I O N S  
AT 98 PE? CENT .C4F POWER 

MASS HEef 
JELOCITY FLUX C A  LC • 

I N L E T  I N L E T  X 1 0 - 6  X l O - 6  E X I T  
.TEMP. ENTHkLPY (LB/HR- (BTU/HR- ENTH4LPY 

(DEC. F) (BTU/LB) FTSQI FTSQ) (BTU/LB)  

T A P - T d P  
P R E S S U R E  

D R 3 P  
(PSI) 

PSES- 
SURE 

( P S I A I  

E X I T  
E Q U I  L f  RRIUH 

Q U A L I f  Y .  
RUN 
N 0. 

WlStER 
TYPE 

DOD 
000 
000 
DO0 
DOD 
DOD 
0 0 0  

DO0 
0 0 0  
DOD 
0 0 0  
D O D  
DO0 



PRESSURE DROP' CONOITIONS 
AT 98 PE? CENT C H F  POWER 

.. . 
. , MASS 

VELOCITY 
,P3ES- I N L E T  INL,ET X iO-6  

RUN WATER ' S U ~ E  TE,NPe EN1 HALPII ( L B I H R -  
Nos TYPE ( P S I A )  (0EG.F) (BTU/LB) FTSQ) 

. . 

362 D O O .  
,363 D O 0  
3 5 5  D O 0  

- 365 DO0 
356 DOD 
34'7 D O D  
359 900 
352 DO0 
354 0 0 0  

HEAT 
FLUX CA LC s 
X10-6  E X I T  E X I T  

( B T U ~ H R -  ZNTHALPY E Q U I L I B R I U M  
FT sn) ( B T U / L B )  QUALITY 

T A P - f  SF' 
P 3 E S 3 U R E  

DROP 
( P S I )  



TABLE 6 (Continued) 

RUN W9tE3 
NO. TYPE 

269 0 0 0 '  
271 000 
27'3' DOD 
275 DO0 
279 0 0 0  
277 0 0 0  

5 2 5  OOD 
5 2 3  000 
Sf14 D O 0  
500 000 
5 0 2  DO0 
5 2 7  OOD 

P 9 E S S U R E  DROP CONOITIONS 
AT 98 PER CENT CHF POWER 

. M A S S  
VELOCIT .V 

PRES- INLET I N L E T  X i  0-6 
SURE TEYPm E N 1  HALPY (LB/HR- 

(PSIAI 4 D E G m F )  ( B T U / L S I  FTSQ) 

H E A T  
FLUX. C A  LC T A ? - r 4 P  
XiO-6 E X I T  E X I T  PRZSSllRE 

(BTlJ / l IQo !.E M H 4 L C Y  E Q U I L I B R I U M  DR3P 
FT SQ) ( B T U / L b )  QUALITY f P 5 I )  

0.658 
Ow 507 
0. 2 9 ~  
0.147 
0.145 
0.137 

9. 47 u 
0. I 7 1  

-0.066 

0.617 
Om294 
0.059 

-0.020 

0.659 
0. 368 

' O m  132 
0.056 
0. 013 
Om017 



TAELE 6 (Continued) 

W4f ER 
t Y P E  

DO 0 
000 

-0 OD 
DO0 
D OD 
OOD 

PPESSVRE D ~ O P  COVOITIONS 
A T  98 P E I  CENT CHF POWER 

PRES- I N L E T  I N L E T  
S'3QE TEM?. E N T Y A L P Y  

t PSI A 9 1 QEG. F l  18TU/L!31 

M A S S  
VELOCI T 'Y  

X i  0 - 6  
( L B / H R -  

FTSQ, .. . 

HEA 1 
FLUX C A L C .  T A P - T A P  : .  
X 1 0 - 6  E X I T  E X I T  PRSSSURE 

(BTUlH2- ENTHALPV 5QUILIBRIUM O R 3 ?  
FISQ) (BTU/LB)  Q U A L I T Y '  . ' (PSI) 



TABLE 7. Heavy Water (99.84%) 

S l Y G L E  PHASE 
PRSSSURF DROP C O ~ D I T I O H S  

MASS HE4 T  
ilFL:LOCfTv FLJX .2ALC. TAP-TAP . 

PRES- I N L E T  I N L Z T  :<lo-6 X i 0  - 6 , X I 1  PRESSURE EXPER. 
RUN W4TER RUN SURE TEMP* ENTHbLPY 1LBIHR- . (BTJ tHR-  ENTHALPY DROP S E Y N 3 L D S  , F R I C T I O N  
NO. TVPE TYPE (PSIA)  (QEG,.F) ( B T U ~ L B )  FTSO)  FTSQ) (BTU/LB)  [ P S I )  NUM3E2 FACTOR 

2'55 DO0 I S 0  28 0 0 1 9 6  162 0 .259  ..-... 162 3.127 9?00 .03426 
254 DO0 I S 0  2000 1 9 ~  16,s . 0 986 - o . o  16'3- 3.651 35100 ell2317 
253 0 0 0  I S O ,  2000 1 9 7  153 4.783 -- 9 - 163. 12.872 17110B 01650 



' . . .  . . 

TABLE 7 (Continued) 
: _ .  ;. . 

. S I N G L E  PHASE . . 

P R ~ S S U R E  DZOP CONDITIONS . . .  

MASS HE9 t 
VELOCITV F L 3 X  2 4 ~ ~ .  TAP-1 A P  

PRES- I N L E T  I N L E T  ' X i O - 6  X 1 0 - 6  I X I T  PRESSURE EXPER. 
RUN W4TER RUN SURE TEMP. E N T H 4 L P I  (LB/HR- (BTJ/HP- \ EkTHALPY DROP 2ZYN3LDS f R I C T I O N  
NO. TYPE TYPE ( P S I A I  ( D E G e F )  ( B T U / L B )  FTSQ)  FTSGI) (BTU/LB)  ( P S I )  " N U H ~ Z S  FPCTOR 

2 6 2  000 HTB 
263 000 HTB 
2 6 0  000 HTB 
2 6 5  DO0 HTB 



TABLE .8. Heavy Water. (93%) 
. . . . 

. . , 
CR1t I C A L  . MEaT FLUX. CONO'ITIONS .'. 

RUN. 
N 0 

PRES- 
WATER ' SURE 
TYPE (PSIPI 

.. . #ass.  
VEL.OC1 TV 

. INLEf .  . . INLET X10-6 . . 

. f EHP.. ~EW~HALPI  - (LB/HR- 
, I O E G o F )  (.BTU/LBl . FTSQ) . . . .  

. . 

. . 

2 9 ~ .  ' 2 5 8 . .  : 0.243 

HEAT . . .  

FLUX . . C~LCULATEO 
ERIT' E NIT 

. . 
X i b - 6 '  . . 

(BtU./HR- ENTHALPY EQUICIBRIUf4 
, F TSQ,. (BrU/LB) 

, . QWLf T V 
. . . . . . 

0'. 243 . .  18'36. . . .O.670 

2 1 7 .  OOD. it6bUJ . 546 
21'5 000 1600 . 549 



RUN. 
NO. 

.TABL3E 8 (Continued) 
' I  s 

CRITICAL HEAT FLUX CONOITIONS 

VELOCITY :'FLUX . CALCULATED . .. 
.. P ~ E S - .  I N L E ~  I N t E  T KlO-6 X i O - 6  E X I T  E X I T  

~ A T E R  .SQRE TEMP. ENTHALPV (LBMR- (BTUIHR- ENTH,ALP.Y EQU IL,IBRIUH 
f V P E  (PS IA)  (DEG.F3 (BTUILB) FTSP) . FtSQ) 

. . 
iBTWfL8)  . -'QUALIT* 

. . 



TABLE 9. Heavy. Wafer (93%) . : 

PRESSURE DROP COY 0111 O(S 
, 

at 98 PER CENT CHF POWER 

MASS , '.HEAT . . . . .  . 

Y E t O C f T V  FLUX. . CALCe 
1N:LET ' I N L E T  . .  ~ 1 0 - 6  X i O . t . 6  : . . E X I t . . :  ' 
TENP. ENTHALPI (LB/HR- . ( B T U / M U ' . E , N t M A . t Q I  

t OEG..F~ ' (BT UILBI . . FTSQ) . . .FTSQI c e r u m  1 

, . : TAP-T4P: 
EXIT PRESSURE 

EQUILIBR~UM 0 ROP. 
' QUALITV ( P S I 1  

8. . 
. . . . 

PRES-' 
SURE 

t P'SIh4 
WATER 

TYPE 



TABLE 9 (continued) 

PRESSURE DROP CONDITIONS 
: A T  ~ $ , , P E I  CENTCHF POHER 

. '  I N L E , ~  
' TEMP 
(DE6. F) 

RAS s ' HEAf- 
VECOCI  T Y ' FLUX CALCe , 

INLET . X10-6  . XiO-6. ' , E X I T  
EN1 MALPV (L'B/tlR- ( B f  UfMR- E NTHALP'Y 
(BtU/LB) . FTSO) 

, ' 
, FTSQ, ~ B T U ~ L B )  

. . 
. . 

. . 
. .. . !  

T A P - ~ ~ P .  j 
EXIT ' : PRESSURE : 

EQUILIBRIUM . DROP 
QUALIT7 ('PSI). 

8.232 .. ' 3.553 ,. 

We 18 1 . . ; .6.130., 
0.072 

. .  . . . 
9..589. 

.'-:- a. 293 , . . , a e 6 b t  : 
,'O0155 6.137,  , 
.Q'. ise .:. . .. , , . 11,.ob1 . . ,, 

I 



TABLE 10. Heavy Water (53%) 

RUN 
Noe,  

21'3 

. .  is? 

. . 
. . 

198 
t . .  . 

. . .  
199 

SIYGLE PHASE '. 

: PRE.SSUR€ DROP CONOITION,S . - 

, . .  
, . PRES- 

~ A ~ E R  .RUN ' SURE. 
TYPE PY.P€. (PSIA) 

. .  . 

MASS'  ' 

WLOCf TY" 
X l O - 6  , '  

tLB/rn-, 
FtSQ) 

1,992 

4). 981 

'0,978 

2 0'977 

, HEA 
FLU8 
X t O - 6  

PBT UCHR- 
FTSQ) .. . . . . 

'EXPER. . ., 
FRxCffOP- 6 

FACTOR 



Heavy Water Loop Schematic Diagram 

500 PSI Aln W C L Y  

w- UCU*UOU 

L40P CIRCULATING PUMP 

PROM DLOI I I IU  

l ' r - c u  

.- n*u.uc: PUMP 

WWN TANK 

brylrp 
B PlPE 

a r.tssu.t CONTIQUIR 
MWIRCNTIAL PRC35LiRS 

T TUIlYD a UVEL CON-L 
cu CODrLP 7 e u m u a c  OISC 
SS STAluCnS STlCC +rCOWWEIL9 

~taoc4uou 
e w e r  v u v r  

?, PRCSSURC G M C  

W uarruaawwrr  m - LW xw 
tf - w m  & me wuvc MI - UI c u m ~ a u  

(400 PSI &S TO OPEN) 1% - :on O C ~ n  
n-wruuvt 
I I P W W I V P  
III-MU- 

a SCDuCLR DG . -5% ULH 
M- uulm atm 

W GATE VALVC 

. . a ,  I . A 4 I a J 
FIGURE 1 Negative No. 52965 



FIGURE 2. Heavy Water Loop 

M... 



CRITICAL HEAT ..I FLUX VS EXIT EOUILIBRIIW QUALlfY 
AT ,2200. PSIA PRESSURE AND -1.0 X '  lo6 

AND 3.0 x 106 LBIHR-FT* .. . MASS, VE,LOCITI.ES~ 

0-0.- D20 ( 99.84% I 
, .  

" 

-0.1.' - -  0 - 0.1 " " 0.2 0 .3  0.4 
EXlT EQUILIBRIUM QUALITY 

CONVERSION FACTORS: 
PRESSURE: (PO) = ( 6 8 9 5 )  (PSIA) 
MASS V E L O C I T Y : , ( K @ / / ~ ~ - S ) ~  (1.356 X 10") (LBrn/HR 
HEAT FLUX: (w/m2)  = (3 .155)  (BTUIHR-FT*) 

FIGURE 3 



A T  -2200 P S I A  PRESSURE AND 
. . ' 2'. o X, 106 LBIHR- FT* MASS VELOCITY 



CRITICAL HEAT FLUX VS EXIT EQUILIBRIUM QUALITY 
AT 2 2 0 0  PSlA PRESSURE AND 

' 

0.5 x 106 AND 0.24 x 106 LBIHR-FT* MASS VELOCIT~ES 

FIGURE 5 
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0.6 
2 

cD 
I 

9 
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. . - 0.5 x lo6 LBIHR-FT~, ; . -  

. . . a\ 
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0 .24  x lo6 LBIHR-FT~ 

%\ '\ - , . .,. - 
- - %  . .  - *  

. :  
..* - 

I 1 1 t I I I I I I I I I I I 
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CRITICAL HEAT FLUX VS EXIT EQUILIBRIUM QUALITY 
AT 2000 PSlA PRESSURE AND 

,3.0 x 106 LBIHR-FT~ MASS VELOCITY 

EXlT EQUILIBRIUM QUALITY 



CR I T . I C A L ~ ~ E A T  FLUX v s  EXIT EQUILIBRIUM - ~ U A L I ~ V  . . 

AT.' 2000 PSIA PRESSURE AN'D . 

" 2 .O 'X  ' lo6 LB'/HR-FT* MASS VELOCITY 

FIGURE 7 



CRITICAL HEAT, FLUX VS EXIT EQUILBRIUM QUALITY 
AT 2000 P S ~ A  PRESSURE AND 

FIGURE 8 



CRITICAL HEAT FLUX VS EXIT EQUILIBRIUM QUALITY 
AT 2 0 0 0  PSlA PRESSURE AND 

0.5 x I O ~ A N D  0.24 X : I O ~ L B / H R - F T ~ M A S S  VELOCITIES ,. 

0.3 0.4 0.5 0.6 0 -7 0.8 
EXIT EQUALIBRIUM QUALITY 

FIGURE 9 



CRITICAL HEAT FLUX VS EXlT EQUlLlBRlUM QUALITY 
AT 1600 PSlA PRESSURE AND 1.0 X lo6 

AND 3.0 x lo6 LBIHR-FT* MASS VELOCITIES 

0 
-0. I - 0  , 0.1 0.2 .. 0.3 0.4 

EXlT EQUILIBRIUM~QUALITY 

' FIGURE 10 



CRITICAL HEAT FLUX VS EXIT EQUILIBRIUM QUALITY 
AT 1600  PSlA PRESSURE AND 

-0. I * 0 0.1. \ 0.2 0.3 0.4 
EXlT EQUILIBRIUM QUALITY 

". ..-.* 
FIGURE 11 



CRITICAL HIEAT FLUX VS EXlT EQUILIBRIUM QUALITY 
. ., <,-  . .  - 

. j AT "1600' PSIA' PRESSUREb"AND , 

0 . 5  X lo6 A N D  0.25 X lo6 L B / H R - F T ~  MASS VELOCITIES- 
(U I 

E 0 . 8 .  
I 
a 
I 
\ 
3 
F 
m 

0 . 6  2 

'? 
0 - 
X 

x 0 . 4  
3 
..J 
LL 

l- a 
W 
x 0 . 2  
J 
a 
0 - 
k - 
5 0 

1 I 1 1 I ,  1 1 .  I 

. . - H20 
- * -, D20 (99.84%) - 

- ".\a, - 

0.5 X lo6 LB/HR-FT 

I a, -0.25 x to6 L E . / H R - F T ~  
- '% - 

I I I I I I I 
0 . 2  0 . 3  0.4 0.5 0 . 6  0.7 0.8 3.9 I 

EXlT EQUILIBRIUM QUALITY 



+ CRITICAL HEAT FLUX VS EXIT EQUILIBRRJM, QUALITY 
1 ;  

i ' AT 1 2 0 0  PSIA PRESSURE AND 3.0 X K16 . 
2.0 x 106 . AND I .o x 106 LBIHR-FT~ MASS VELOCITIES 

0 
0 .  0.1 0.2 0.3 0.4 0.5 

E XlT EQUILBRUM QUALITY 

FIGURE 13 



CRITICAL HEAT FLUX VS EXIT EQUILIBRIUM QUALITY 
AT 1 2 0 0  PSlA PRESSURE AND 

0 .5  X lo6  AND 0.25 X lo6 LB/HR-FT* MASS VELOCITIES 

FIGURE 14 
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1 1 I ' I I .  I I I I ' ,  

0.5 0.6 0.7 0.8 0.9 1 .O 
EX IT EQUILIBRIUM QUALITY 



CRITICAL HEAT FLUX-. VS EXIT -EQUILIBRIUM QUALITY .. ... 

AT 800 PSlA PRESSURE AND 1.0 X lo6, 0.5 X lo6, AND 
0.25 x lo6 LBIHR-FT~ MASS VELOCITIES 

0.5 x IO~LBIHR-FT~ 

0.5 x IO~LBIHR-FT* 
(SUSPECT DATA) 

0.25 x IO~LBIHR-FT~ 

FIGURE 15 " 



EXPERI M E WTAL VALUES .0t. I.SOTNRYAL FRICTION FACTORS 
vs REY~OLOS NUMBER I .  - 

m 
i 1 1  I  1 1 1 1 1  I 1 I  1 1  1 1 1  

k*O 
0 02QC99.04 %I 

C 

- - 

- 

I 

- 

, 1 1 1 1  1 I 1  1  1 1 1 l I  1  I 1 I 1  1 1 1  

036 7 8 - lo4 2 3 4 5 6 7 8  lo5 2 3 4 5 6 7 8  10' 
REYNOLDS NUMBER 

FIGURE 16 '10 o b 



PRESSURE DROP AT 98%. CHF POWER 
VS MASS VELOCITY AT 2000 PSlA 

FIGURE 17 




