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INTRUDICTIQM

The general purpoee of th is  report Is  to  present the major characteristics 

and design of the Consolidated Edison Thorium Reactor (CETR) core*

Four major design changes hare taken place since the la s t  reports
<a»

1) The cladding material has been changed from Zlroaloy-2 

to  s ta in le ss  steel*

2) The use of a combination of burnable and soluble poison 

is  contemplated fo r additional reac tiv ity  control.

3) A shiTt from a single zone, uniformly loaded core, to a 

multizone core to obtain b e t te r  power flattening charac

te r i s t ic s  is  planned.

li) The fu e l element fabrication technique has been changed 

from a tube sheet type s tructu re  to a brazed assenfcly 

with fe rru le  spacers, and the power level has been in 

creased from 500 Jtf to $U5 Mrf* The fu l l  power core 

re a c tiv ity  l ife  is  computed to  be 600 days*
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2.1 REACTOR DESCRIPTION

2.1.1 Reactor Internals

The Consolidated Edison reac to r Is  a thorlun converter type, fueled with 

a mixture of thorium oxide and fu l ly  enriched uranium oxide contained in s ta in 

less s tee l tubes. The active portion of the reactor core i s  composed of 120 

boot-type fuel elements, each approximately 6 inches square.

The primary system flow ra te  i s  53«9 x 10  ̂ lb s . o f water per hour a t a 

pressure of 1500 psigj average reac to r water temperature a t  the in le t is  U8$ F 

and a t  the o u tle t ia  $21 P a t  $8$ MW fu ll  power. Approximately 87# of the 

total flow i s  available fo r heat tran sfe r  from the fuel elements. The remain

ing flow is  diverted to cool the control rods, and thermal shields. A conical 

shaped lower plenum baffle with properly sised o rifices  insures correct flow 

distribution  to  the core section and thermal shields. The upper plenum b a ffle  

is  also o rlficed  for the discharge of the coolant from the core to the reacto r 

outlet nessles .

The composition of the core i s  determined by the requirements of heat 

transfer, s tru c tu ra l in teg rity , excess reactiv ity  for adequate l i f e ,  and the 

need for an adequate negative temperature coefficient. Approximately 76 per 

cent of the core volume is  required fo r coolant flow and the inventory of 

approximately 13,000 kilograms of u ran ia-thorit mixture. The remaining core 

volume is  s ta in le ss  steel and Ziroaloy-2. The to ta l fu e l loading is about 

950 kilograms of highly snriohed uranium-235. (93*5? U-235)

Three a lte rn a te  layers of s te e l  and water are arranged between the core 

and pressure vessel to serve as a neutron re flec to r, and as thermal shields 

to re<kioe the e ffec ts  of neutron bmabarchaent and gama rad iation  on the pres

sure vessel w alls. The pressure vessel which contains the entire assembly 

is  s cy lindrical shall of carbon s te e l having an inside diameter of 9 f t .  -  

9 in . ,  with a minimal wall thickness of 6.95 in . The inside wall of the



p ressu re  vessel ie  l in e d  w ith  0.109 inch of s ta in le s s  s te e l .

The core layou t showing placement of fu e l elem ents, thermal sh ie ld s  and 

re a c to r  vessel v a il  i s  shown in  Figure 1 . There a re  28 load support tubes 

which provide ad d itio n a l hold-down force when the primary loop i s  co ld  and 

the primary pumps are o p e ra tin g .

2 .1 .2  Fuel Element Design

The reac to r core c o n s is ts  of 120 fu e l e lem en ts. flow contro l and 

d is t r ib u t io n  and s t ru c tu ra l  support i s  obtained by use of end t r a n s i t io n  

p ieces  and cans. Each elem ent i s  nominally 135-5/8  inches long and 6.139 incites 

sq u a re . A cross section  o f th e  e lenen t is  shown in  ilg u rs  2 and an o v e r-a ll  

view in  fig u re  3*

The fuel i s  in  the form of high density  p e l l e t s  of close dim ensional 

to le ra n c e , contained in  s ta in le s s  s tee l tub ing . Each tube i s  closed a t  the 

end w ith  a su itab le  end cap . In su la tin g  p a l le t s  a re  placed a t  the end of 

the a c tiv e  fuel to  reduoe thermal s tre sse s  in  the end caps. The annulus be

tween the p e lle ts  and the  tubing i s  f i l l e d  w ith helium. Each subassembly 

con ta in s 206 tubes, spaced by fe rru le s  ( sh o r t , th in  tubular se c tio n s)  in  a 

square a rray , w ith an o f f s e t  fo r  the contro l rod  channel ( re fe r  to  F igure 2 ).

The fe r ru le s  are loca ted  w ith  approximately e ig h t  inches between c e n te rs  in  

p lanes normal to  the lo n g itu d in a l axis o f the elem ent. A thin s tra p  o r  band 

i s  wrapped around the bundle a t  each plane of f e r ru le s  to support the o u ter 

row o f tubes, and to space the fuel rods from the can w all, the e n t i r e  

subassembly i s  brascd as a  u n i t .

The fu e l element can i s  mads of Z irca loy -2 . The can i s  an envelope which 

surrounds the tube subassem blies. I t  i s  f i t t e d  a t  each end with t r a n s i t io n  

p ie c e s . A spring in  each fu e l  element locks in  th e  top tra n s it io n  p ie c e , pro

v ides fu e l element hold-down ag a in st hydraulic fo rc e s , and allows fo r  thermal 

expansion of the subassem bllea.



2.2 TH2FD-UL .u’© inLfUl'UC DtSIGN

2 .2 .1  General Design Considerations

Major thermodynamic c h a ra c te r is t ic s  of the C3TR cops are determined by 

the requirem ents of heat t r a n s f e r ,  hydrau lics, mechanical and optimum nu c lear 

performance fo r steady s ta te  o p e ra tio n . P ertinen t design data are shown in  

Tabla 1 .

The therm al design of th e  core includes s comprehensive analysis o f 

tem perature d is tr ib u tio n s , lo c a l  b o ilin g , two phase pressure drops, and 

burr.out c h a ra c te r is t ic s  fo r  th e  hot channel. A hot channel is  defined as 

th a t  channel which has the  r a d ia l  and a x ia l power d is tr ib u t io n  fac to rs  as 

well os T tnufacturing to le ran ce  fac to rs  app lied , where as only power d i s t r i 

bution  fa c to r s  are Included in  the analysis of a nominal channel.

tu rn o u t c h a ra c te r is tic s  o f  th e  hot channel l im i t  th e  maxinur. safe  power 

i t  which th e  reac to r can o p e ra te . When two-phase fits# develops in  a channel, 

tlw mass v e lo c ity  i s  reduced in  th is  channel because of p a ra lle l  channel p res

sure drop e f fe c ts .  At s  power su b s ta n tia lly  h igher than the ra ted  power of 

the r e a c to r ,  the combination o f  Increased heat f lu x  and decreased flow 

re s u ltin g  from steam form ation can cause a f a i lu re  o f the heat tra n s fe r  

mechanism re su ltin g  in  burnout.

E x is tin g  data and c o rre la t io n s  re su ltin g  from burnout te s ts  performed 

a t  various u n iv e rs it ie s , n a tio n a l  lab o ra to ries  and o th e r  ABC sponsored 

f a c i l i t i e s  are  used in  determ ining the oumout l a s t  f lu x .  Scat te r i r ^  o f 

experim ental da ta , with re s p e c t to  both lo ca l b o ilin g  and boiling  w ith n e t 

steam g en era tio n , makes i t  d i f f i c u l t  to  p red ic t the  exac t burnout heat f lu x .  

Based on the  most conservative  d a ta  availab le  and w ith  the most adverse 

co sh ina tion  of a l l  power d is t r ib u t io n  and manufacturing to lerance fa c to r-*  

i \  has been determined th a t  burnout w ill  not occur befo re  131 per cent f u l l

power i s  a t ta in e d .



TtuiLi 1

^CTJU j£3IC.\' AND f v̂rOrtK. iCi Ck-UGI.-vlSTICS 
TliEHMAi, KIDHiiULIC AWD KBCKAKICAL

rUfcl t e n a n t  M ateria ls

a) Fuel Thth -  UO2 mixture
b) Cladding 30li 3 ta in lo s s  Steel-boron

modified
c) T ran a ltio n  places 3'Jit S ta in le s s  S teel
d) Springs Inconel-X
e) Gan Z ircaloy-2
f ) fe rru le s 3Jlt S ta in le s s  S teel

..eometry ( a l l  dimensions are nominal)

.u e l rod 0 .2 . ( in * ) 0.3125
Clad thickness ( i n . ) 0.020
/u e l p e lle t  ( in . ) 0.2690
fUel rod p itc h  (square) ( in .) 0.3610
No. of fu e l rods p e r element 206
Active fu e l len g th  per rod ( in .) 95.2$
T otal active  fu e l  len g th  ( f t . ) 196,215
fe rru le  0 .2 . ( i n . ) 0.2260
fe rru le  I.D . ( i n . ) 0.1560
Ferrule length  ( i n . ) 0.500
No. of fe r ru le  p lanes U
Strap width ( in . ) 0.500
Strap thickness ( i n . ) 0.015
Slerwnt s ize  ( i n . ) 6.135
Element p itc h  ( i n . ) 6.3225
Can ihictcneea ( in . ) 0.160
:to. of elements p e r  core 120
Configuration O ffset
Control rod p itc h  ( i n . ) 12.6U5
Control rod blade w idth ( in .) 7.50
Control rod blade th ickness ( in .) 0.3125
Max. cora diam eter ( i n . ) au.5U7

flu id  Flow

T ota l rcc c ta r  flow ( l b . / h r . ) 53.9 x IQ
IeakaLe flow f l b . / h r . ) 7.1 x 10°
Velocity ( f t . / s e c . )  (ineido  elements) 
T otal area in side  element ( in .2/elem ent)

21.li
30.53

Flow are* ( e f f . )  ( i n . 2/elem ent) l i .7 3
F lw  area in  f e r ru le  region ( in .2/e  lament) 
lo ta l  e f f .  flow a re a  th ru  elements ( f t 2 )

12.57
12.20

Equivalent diam eter fo r  pressure drop ( f t . ) 0.0216
Equivalent diam eter o f  u n it c e l l  ( f t . ) 0.0232
treasu re  drop (g r id  p la te  to  grid p la te )  (p e l) 35.9
Pressure drop ( fu e l  reg ion ) (pei) 24.5
Operating pressure (p e i^ ) 1500



T~Jl£ 1 (C on t'd )

Heat TraneX^r

•ie actor p 'v e r (HW) 5f'5
Heat f.ux  (average d / h r - f t 2 •  5r 5 •*■•) 126,376
Heat tra n s fe r  c o e f f ic ie n t  ( 3 /h r - f t2- / )  6860
.ioat tra n s fe r  area ( f t 4-) 16,353
f a c t o r  In le t tem perature ♦ 5^5 M» ( f) 166.5
Average core & T (F) ( •  585 Mi) 36*52

Maximum Temperatures (ca lcu la ted )

lOOt Mower (565 K«) 1254 lower (732 *■■)

Nominal Channel
auUt coolant ten*?. (F) 552 56? 
Clad surface tem p. ( f )  582 605 
i i ie l  p e l le t  temp# ( l )  631*6 13*90

Uot Channel
dvlk coolant temp. ( / )  572 596 
Clad surface temp. (F) 605 606 
/u e l p e lle t  temp, ( f )  5056 5700

Nuclear

Sq’-ivalen t core d iam eter (cm) 197.297
T o ta l core volume (c u .in )  (97*15 in . len g th ) 1*66,091

hate r i a l

Water
h*el
S ta in le ss  S tee l
Zr-2
!ielium
In a rt P e lle ta  
Control Rod

Metal-Water Ratio (Homogeneous)

Volume (c u . in .) Volume lY action

0.2227 x 0.6779
0 .1 3 3 e  X 10*> 0.2872
0.0659 x 10° 0.0986
0.0687 x lo<f 0.1065
0 .0 0 3 9  x ID6 o .o c u 6
0 .0 0 0 7  x 10* >. 0 1 6
0.0102 x 106 0 .J 2 2 0

1.093



t

A d e ta ile d  analysis of the therm al lim ita tio n s  la  presented in the

A. pendix A*

The fo llow ing  design c r i t e r i a  a re  estab lished  fo r th e  cores 

a) Heat tra n s fe r  surface turnout l ia s  above the  maxima 

steady  s ta te  ox tr a n s ie n t  jower perm itted by the 

c o n tro l end sa fe ty  system s.

* b) T ie fuel snould not n e l t  s t  the maximum power leve l

perm itted by the c o n tro l and sa fe ty  system s.

T hee  c r i t e r i a  l im it  t i e  oulk w ater tem ,era tu re , c lad  surface tem perature 

and in te rn a l f u e l  pin tem perature, a temperature ch e rt based on nominal 

dimensions i s  shown in  figure  h.

[
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FIGURE 4
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TEMPERATURES (F )  AT 585 MW 
BASED ON NOMINAL DIMENSIONS
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2.3  nuclear eesign

2.3»1 General Assign ions ite ra tio n s

Ihe change from Zircaloy-2 to  stain less s tee l ae a cladding m aterial, 

and the re s u lts  of c ritic a l experiments have led to major revisions in the 

nuclear design of the core.

The principal effec t of the use of stain less s te e l i s  to increase the 

c r it ic a l mass, and thus the i n i t i a l  loading of U-235 to obtain the design 

l i f e  of 600 f u l l  poser days. Information from the c r i t i c a l  experiments in

dicates th a t the control rod worth i s  insufficient to fu lly  compensate fo r 

the neoessary excess reac tiv ity , and th a t the desired maximum to average 

radial power factors in the uniformly fueled core would be exceeded for 

some rod configurations. Consideration of these fac to rs  has mads i t  neo

essary to u t i l i s e  zoned loading of U-235 and to provide additional means 

of reac tiv ity  control. The availab le supplementary contro l methods are 

burnable poisons and soluble poisons.

A burnable  poison is  a h igh ly  absorbing isotope such as boron-10 

which i s  i n i t i a l l y  incorporated in  the fuel element. Ih ls  isotope ac ts  

as a poison to  supplement the c o n tro l rods in  holding excess re a c tiv ity  

and g radually  burns out by neutron absorp tion .

Soluble poison reactiv ity  control is  obtained by dissolving a highly 

absorbing poison such as boric acid  in  the coolant water and removing i t  

chemically, or by dilution, instead of by nuclear burnout.

The curren t reference design fo r the CEIR u ti l is e s  a combination of 

burnable and soluble poison for supplemental control. Burnable poison 

w ill be used to supplement control rods in compensating fo r bumup of fuel 

and buildup of fission  product poisons. This is  accomplished by alloying 

natural boron with the sta in less s te e l  used for fuel element cladding.

i



c To assure th a t t.<e core will prod ice the specified power without risk  

of burnout in the hot channel, the r a t io  of raxiaaan to average power in  any

channel must be held wltldn a certain  value. fhe over-all power peaking 

factor is  made up of three individual factorsi radial power peeking, axial 

peaking, and localised  peaking near control rod channels and between fuel 

element cans. Uniformly loo 'ed cores exhibit maxima* to  average radial 

power ratloe which alone approach the over-all allowance. This has been 

demonstraed on the CSTJt plate type c r i t ic a l  experiments. To obtain more 

favorable radiau. power d istribu tion , rad ia l sons loading of fuel lias been 

adopted for the rZiil. Z>ne loading ia  accomplished by dividing the core 

into radial regions with d iffe ren t d-235 concentrations. Tha lowest con

centration is  a t  the core center, increasing to the highest concentration 

around the ou tside.

In the reference core there are tliree redial tones. The central tone 

has 32 fuel elements, and the in te n «• lia ta  and outside zones each have hh 

fuel elements. The ra tio s of U-235 concentrations (atoms/cc) in the toree 

tones are about 3A/5*

Sons of the more pertinent nuclear ciiuracteristlcs of the core are 

l i l te d  in Table I I .

1
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TABLE n

REACTOR DESIGN AMD FCtttOHMANCE Cl LARA C H R IS  TICS .  NUCLEAR 

In itl* u  Concentrations a toma/cc x 1Q“*0 kg ( to ta l)

Uranium-235 (fu a l)

Inner rone 

2.35

Middle sons 

3.U*

(lite r  zone 

3.92 950 (<
Thorium cx ide  ( f e r t i l e  m a te ria l) 58 58 58 16,860
Water (me le ra to r  4 coolant) 126.2 126.2 126.2
Z ircaloy-2  (structu re?  ) 5U.3 51*.3 5U.3
S ta in le ss  S te e l (cladding) 83.9 83.9 83.9

-o n cen tra ti .a a t  End of 600 dears
of Full Power Operation

Uranium-233 .57 .57 •1*2 150
Uranium-23l* .036 .035 .016 8.3
Uranium-2J5 1.13 1 .70 2.7 556
Uranium-236 .23 .28 .25 75.9
Protactiniun>-233 .06 .06 .01* 15.2
i'aorium Oxide 57.1 57 .1 57.1* 16,630

Are rec® thermal flux  a t  585 MW 2 x 1013 n/cat2- s e c .

O e e r-a ll conversion r a t i o  0.5

i \

I



Control2 ,3 .2  Reactivity

In addition to the cold clean c ritica l mass enough fuel must be plaoed 

in  the reactor to provide r e a c t i v i f o r  temperature r is e , equilibrium xenon 

and samarium, doppler e ffec t and the consumption o f fuel and buildup of f i s 

sion products. Enough control must be provided fo r these reactiv ity  e ffec ts  

plus an additional amount of control for shutdown to  insure that the reac to r 

can be made eeveral per cent subcritical in i t s  most reactive condi tion 

(cold, clean , f u l l /  loaded),

A breakdown of various reac tiv ity  components in  terms of per cent ex

cess re a c tiv ity  is  shewn in Table 111.

TABLE H I

REACnVITT HEWUIROiEliTS

1, Shutdown

2, Equilibrium Xenon and Samarium

3, Temperature (Inc. Doppler to 500 F)

U. Doppler Effects (From hot aero power to
fu l l  power

5, Shim for Lifetime

3

3

5.9

1.5*

9.7**

23.1

*Based on an average oxide temperature o f 1115 F and 

a coefficient of .0CL3? change in the thorium reson

ance integral per degree F.

**Includes complete transien t xenon override for about 

5U0 days

The distribution  of the reac tiv ity  requirements between control rods,

soluble and burnable poisons w ill be determined a f te r  the completion of the



experimental procram.

2*3*3 Reactivity Coefliclenta

a) Temperature Coefficient

The o re r -a ll  temperature co effic ien t of reac tiv ity , exclusive
«

of the Doppler coefficient, has been calculated to be 

-1.8 x 10"1* (♦ 1 x 10“^) A k/F a t 500 F 

Considerable experimental work is  being planned to evaluate 

the uncerta in ties in some of the parameters used to compute 

the temperature coefficient.

b) Power Coefficient

The power coefficient of reac tiv ity  occurs as a re s u lt  of 

the Doppler broadening of thorium resonances as the fuel pin 

heats up to  operating conditions. This coefficient has been 

calculated to be

-2 .6  x 10“5 (♦ 1.5 x 10-*) A k / f

c) Pressure Coefficient

The pressure coefficient of re a c tiv ity  a t the operating 

temperature and pressure of 500 F and 1500 pal is  about 

♦ 2 x KT6 C  k/pci.



Jitt-ENDH A

THKRJ - vL  a U D  HYDRAULIC ANALYSIS
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1, D escrip tion  of Power D is tr ib u tio n
__ »

Average re a c to r  power la 595 and appropriate fa c to r s  fo r ra d ia l  and 

ax ia l power d is tr ib u tio n s  are  considered In the design ca lcu la tions*  A rose-  

t >ir o v e r-a l l  maximum to  average power d is tr ib u tio n  r a t i o  o f 3*0 is  used to 

allow for non-unifora  power d is t r ib u t io n  in  the co re . T his fac to r is  the 

product of an a x ia l maximum to  average ra t io  o f 1.5 and a rad ia l maximum to  

average r a t io  o f 2*0. The ra d ia l  max imum to average f a c to r  includes a lo c a l 

neutron f lu x  peaking fac to r and ap p lie s  to non-uniform loading of fuel*

Sxperlments p resen tly  oeing performed a t  the c r i t i c a l  experiment lab o ra 

tory w ill e s ta b l is h  f in a l  design  power d is tr ib u tio n  fa c to rs*  The p o s s ib i l i ty  

of lo ca l power peaking a t  the  fu e l  element boundaries i s  under study as w ell 

as power peaking due to con tro l rod  positioning*

2* Design C r i te r ia

Thermal aspec ts of ths core design  must insure t h a t  no damage to  the 

reac to r w ill  occur as s re s u lt  o f steady s ta te  o r t r a n s ie n t  operation* This 

design is  analyzed on tbo basis o f the worst expected combination of ;x]wer 

d is t r ib u t io n , manufacturing to le ra n c e s , em pirical u n c e r ta in t ie s ,  heat b a l

ance and instrum entation  in ac cu ra c ie s . These e ffe c ts  a re  Included in the 

thermal c a lc u la tio n s  as hot channel factors*

dusic therm al design c r i t e r i a  estab lished  fo r th is  design are as 

follow si

a* No s tead y  s ta te  or t r a n s ie n t  heat tra n s fe r  su rface  burnout, 

b . No oxide fuel m alting a t  125 per cent o f ra te d  power.

3* Thermal C alculation  Methods

In the  analyses of the re a c to r  core, ca lcu la tio n  methods are e s tab lish ed  

to  account fo r  the following e f f e c ts  on the thermal and hydraulic design*
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a* Dimens ionftl deviations from the nominal design of the fuel 

element re*iultlng from nanufftcturlng tolerances.

b* Non-uniform power generation.

c. Deflations from ideal floe conditions.

d. Uncertainties in empirical cor relations <•

iffec ta  of fue l concentration, p e l le t  eccentricity and growth, rod 

bowing and flow d istribu tion , on heat flux and maximum temperatures are in

cluded in the ana lysis . A probability of one has bean assigned for the com

bination of these adverse effects occurring simultaneously in  a specific 

channel which I s  defined ss the hot channel.

In itia lly  the clearance between the oxide fuel and tube wall is  f illed  

with Ueliumj however, during operation fission  gases decrease the thermal 

conductivity of the gaseous medium. Results of recent te s ts  and reported 

information arc factored into tho maximum fuel temperature calculation and 

a value of 0.01 B /hr-ft-F , is  used fo r th s  gap thermal conductivity. The 

thermal conductivity of pure helium is  0.16 B/hr-ft-F.

Variation of ths oxide thermal conductivity with tenperaturo la im

portant to fuel element design, however, these data are s t i l l  inconsistent.

A conservative value of 1*0 d /h r-f t-r  i s  used in theee analyses. I t  bee 

been estimated th a t ths oxids thermal conductivity lie s  in ths range of 

1.1 to 1.2 B /h r-ft-F .

1*. Design Data

Ths fciaxlmum surface heat flux a t  58$ Ifc is approximately l*6i*,00u 

D/hr—f t4- and ths subooolad burnout hast flux calculated by the Jens and 

Lottes* correlation  is  1.6  x 106 a /h r - f t2.  This represents a burnout safety 

factor of 3.1*5 fo r rated power operation in the hot channel*

•Jens and L ittes , AML 1*627” ""
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A t 585 Mtf the  maxi mum o x id e  f u e l  tem p e ra tu re  In  the  h o t channel i s  

a p p ro x im a te ly  750 F below  th e  m e ltin g  p o in t .

Gore therm al a n a ly s is  c an n o t be l im ite d  to  r a t e d  power o p e ra tio n  b u t  

■ o a t in c lu d e  e f f a c ta  o f  h e a t  ba lan ce  and In s tru m e n ta t io n  in a c c u ra c ie s .  De

pend ing  upon th e  m agnitude o f  th e se  in a c c u ra c ie s ,  th e  r e a c to r  oould  v e ry  

w e ll be  o p e ra ted  b r i e f ly  i n  steady s t a t e  e t  e pow er le v e l  o f ap p ro x im a te ly  

110 p e r  c e n t  o f  ra te d  pow er. For t h i s  d e s ig n , p o s i t i v e  scram le v e l  i s  a e t  

e t  a p p ro x im a te ly  115 p e r  c e n t  o f  r a te d  power.

H ot channel s tu d ie s  c o n s id e r  r e a c to r  o p e ra t in g  l e v e l s  up to  125 p e r  

o en t o f  r a te d  power and in c lu d e  reduced flow  a f f e c t s  due to  lo c a l  b o i l in g  

and two phase f lo w . At t h i s  l e v e l  o f  o p e ra t io n , th e  maximum oxide f u e l  

te m p e ra tu re  i s  below the  m e lt in g  p o in t .

The h o t  channel s u r fa o e  i s  s t i l l  below s u r f a c e  burnout fo r  power 

o v e rsh o o ts  (above 125 p e r  c e n t  r a te d  power) r e s u l t i n g  from rod w ith d raw a l 

t r a n s i e n t s .

R e a c to r  power would h e re  to  a t t a i n  a s tea d y  s t a t e  va lue  o f 766 MW 

(131 p e r  o en t o f  ra te d  pow er) b e fo re  su rfa c e  b u rn o u t i s  read ied  b a sed  on 

th e  m ore co n se rv a tiv e  tw o-phase  flow  burnout' c o r r e l a t i o n .  The s a f e ty  system  

r e s t r i c t s  s tead y  s t a t e  o p e ra t io n  to  power l e v e l s  below  125 per c e n t o f  

r a t e d  pow er, and even in  a c c id e n ta l  t r a n s ie n t s  su ch  as a c c id e n ta l  ro d  w ith 

d raw al o r  a co ld  w ater a c c id e n t ,  the maxinun power does n o t exceed 130 p e r  

o en t r a t e d  power.

5* B u rn o u t A nalysis

The co re  i s  designed  f o r  s te a d y  s t a t e  r a t e d  power o p e ra tio n  w ith o u t 

bu lk  b o i l i n g .  A t t h i s  c o n d i t io n ,  the  maximum s u r f a o e  h e a t  f lu x  i s  w e ll 

below th e  b u rnou t h e a t f lu x  as  p re d ic te d  by th e  f o r c e d  convec tion  c o r r e 

l a t i o n  o f  Jan s  and L o t te s .
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The p o s s ib i l i t i e s  and e f f s c t s  of tran s ie n t b o ilin g  have been in v e s ti

gated. Hot channel pressure drop with bulk b o ilin g  (tvc-phase flow) i s  

g rea te r than  the non-boiling p re ssu re  drop in  th a t  channel fo r  the sane 

ness v e lo c ity .  *or th is  c o n d itio n , the margin to  burnout i s  decreased 

because of the decreased flow and a lso  because burnout heat fluxes are 

loner fo r  two-phase flow a t  given mass v e lo c itie s .

Sinoe the  Jens and L ottes burnout co rre la tio n  i s  n o t applicable to  

bulk b o il in g , a two phase flow burnout re la tio n sh ip  was determined from 

e x is tin g  d a ta  and c o rre la tio n s . A ll availab le  burnout data were p lo tted  

and a burnout design curve fo r  aero  q u a lity  and aero sub cooling (Figure 

A-l) was drawn below a l l  measured burnout po in ts , d u a li ty  burnout data 

were a lso  analysed and c o rre la te d  as a design curve. (Figure A-2). The 

mass v e lo c ity  c o rre la tio n  i s  the mors conservative o f th e  two re la tio n 

sh ips. These data  are r e s u l ts  q f burnout te s ts  performed s t  various 

u n iv e r s i t ie s ,  na tional la b o ra to r ie s  and other AEC sponsored f a c i l i t i e s .

Figure A—3 shows the hot channel ax ia l tem perature d is tr ib u tio n  of 

the bulk co o lan t (Ty) and clad  su rface  (T8 ) fo r £85 Mrf operation .

Local b o ilin g  i s  a form o f n uc lea te  bo iling  which occurs when the 

subcooled l iq u id  (a t  a tem perature below sa tu ra tio n )  i s  brought in to  con

ta c t  with the clad surface th a t  i s  a t  a tempers cure (Tourface " Ts a t  4 / 'Tsa  

s u f f ic ie n t  to  cause b o ilin g  a t  th e  in te rfa c e . The Jens and Lottes lo ca l 

bo iling  c o rre la t io n  i s  used to  determ ine ^ T aa^. As shown in  s i^ ir e  A-3 

loca l b o ilin g  begins a t  a d ista n ce  of £l inches from the core in le t  and con 

tinues to  a p o in t 81 inches from i n l e t .  Since the co o lan t i s  below sa tu ra 

tion  tem perature there i s  no bulk b o ilin g  in the ho t channel a t £8£ Mtf 

opera tion .

At 122 per cen t of ra ted  power (714 MW) and w ith  f u l l  flow (4.68 x 10^ 

lb /h r  in  f u e l  reg ion) the coo lan t i s  s t i l l  below s a tu ra tio n  tem perature.
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This condition i s  shown in  figu re  A-l*. An im portant e ffe c t of lo c a l  boiling  

i s  to increase hot channel pressure drop thereby reducing flow in  th a t 

ahannel (Figure A-6). The reversa l in  slope o f the curves in  t h i s  fig u re  

i s  ascrlbab le  to d e n s ity  changes in  the f l u id  and contraction  and expansion 

lo sse s  in  the fuel rod spacers. Since p ressu re  drop i s  a m ulti-valued  

function  of flow the low est value of mass flow  ra te  or mass v e lo c ity  i s  

used in  th is  a n a ly s is . Accounting fo r  th is  reduction  in  flow (i»,U3 x 10' 

lb /h r  or 3*6 x 10^ lb /h r - f t ^ )  re s u lts  in  co o lan t bulk b o ilin g  a t  a  po in t 

95,2$ inches from the core in le t .

For 122 per oent o f ra ted  power (711* MW) burnout beat f lu x  based on 

the mass velocity  c o rre la tio n  is  5,7 x l ( f i  B /h r - f t2. At the a x ia l  position  

in  the hot channel where bulk boiling  begins (zero q u a lity , zero sub

cooling) the naxL-mua su rface  heat flux  I s  0,1* x 1(V B /h r-f t^ , This re 

s u l t s  in a margin to  bulk  bo iling  burnout o f 5 ,3  x 10^ B /h r - f t2 .

H«suits of a comprehensive analysis ee x ib liah  th a t the reg ion  of 

possib le  steady s ta te  surface  burnout i s  en te red  s t  131 per cen t o f  ra ted  

power (766 W ) based on the mass veloci ty c o rre la t io n . With the  core a t 

766 HiW and a reduced masu velocity  of 2 ,8  x 10^ lb /h r - f t^  bulk b o ilin g  

(aero  q u a lity ) begins a t  a point 63 inches from the core i n le t  as shown in  

F igures A-5 and A-6. At th is  axial p o s itio n  in  the hot channel the  surface 

heat flux  i s  5,1* x 10^ B /h r - f t2 (Figure A-6) and burnout heat l’lux  i s  

5,)* x 1 ( P  3 /h r - f t2. This is  equivalent, to  a zero margin to rn o u t or

a sa fe ty  fac to r of 1 .0 ,

Based on the q u a li ty  co rre la tion  steady s ta te  burnout occurs a t

approxinately 11*2 per cen t of rated power.
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BURNOUT HEAT FLUX I0"6  BTU/HR SQ FT

BURNOUT HEAT FLUX 

VS
MASS VELOCITY DESIGN CURVE

FIGURE A—I
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FIGURE A— 2
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AXIAL TEMPERATURE DISTRIBUTION 
IN NOT CHANNEL AT 585 MW 

(100%  POWER)

FIGURE A— S
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TS ( W 4  4 M  X K>' LB/HR)
REDUCED FLOW DUE TO LOCAL
BOtLINO PRESSURE OROP

y —Tg (W« 4.B77 X I0 7 LB/MR)

^ - T w ( W« 4477 XIO7 LB /H R )
FULL FLOW

Tw ( W* 4494 X tO7 LB/HR)
REDUCED FLOW OUE TO LOCAL 

B04LINB PRESSURE OROP

ACTIVE CORE LENGTH —  IN.

AXIAL TEMPERATURE DISTRIBUTION IN HOT CHANNEL 
AT 714 MW ( 122% POWER)-POWER AT WHICH 
NET BOILING BEGINS IN HOT CHANNEL

FIGURE A— 4
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(W ■ 5.42 X I07 LB/HR)
REDUCED FLOW DUE TO LOCAL A 
BULK BOILINB PRESSURE DROP

< r - T, ( W 4 i« T T ^ L . /M W)

Ty.(W- 4.S77 X IOf  LB/MR)
FULL FLOW

TW( W 3  42 X I07 LB/HR)
REDUCED FLOW DUE TO LOCAL 
BULK BOILING PRESSURE DROP

ACTIVE CORE LENOTM

AXIAL TEMPERATURE DISTRIBUTION 
IN NOT CHANNEL AT 766 MW 

( 131 % POWER)

FIGURE A -  3
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MASS VELOCITY —  L B / H R - S O  FT

FUEL REGION PRESSURE DROP 
VS

MASS VELOCITY —  FOR VARIOUS 
POWER L E V E L S -  HOT CHANNEL

FIGURE A - 6
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BURNOUT HEAT FLUX (M A SS VELjQCmf CORRELATION}

0  QUALITY*0 %

ACTIVE CORE LENGTH

HEAT FLUX A  QUALITY DISTRIBUTION
SHOWING BURNOUT CORRELATION
AT 714 M W  ( 1 2 2 %  POWER) — HOT CHANNEL

FIGURE A - 7
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HEAT FLUX a QUALITY DISTRIBUTION
SHOWING BURNOUT CORRELATION AT 
7 6 6  MW (131% POWER )-M O T CHANNEL


