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A B S T R A C T 

The Consolidated Edison Thorium Reactor (CETR) is a thorium con­

v e r t e r type, fueled with a mix tu re of thor ium oxide and fully enriched 

oxide contained in s ta in less s teel t ubes . The active portion of the reac tor 

core is composed of 120 box-type fuel e l emen t s . The heat generated by 

the fuel is t r a n s f e r r e d to the coolant (ordinary water) and t ranspor ted 

from the r e a c t o r . 

The normal flow ra te of cooling water through the reac tor is , 

52 .8 X 10 I b / h r . The average water t empera tu re at ra ted power (585 MWh) 

is 486 .5 F at the r eac to r vesse l inlet and 519 F at the reac tor vesse l out­

le t . Approximately 87% of the total flow receives heat from the fuel elements 

d i rect ly and the r ema inde r of the flow is diverted to cool the rmal shields, 

control rodsj and other i n t e r n a l s . 

This repor t p r e sen t s the t he rma l and hydraulic analyses , both steady 

state and t rans ien t , for the CETR. Methods of calculations a r e discussed 

and resu l t s of analyses a re p re sen ted . Steady state analyses a r e included 

for* p r e s s u r e drops , flow distr ibution, orificing, burnout, fuel centra l 

melt ing, local boiling, and bulk boil ing. Transient analyses a r e performed 

for severa l loss of forced coolant flow incidents . 

Fuel melt ing during steady state operat ion and burnout cannot occur at 

any attainable r eac to r power in the CETR as designed. Bulk boiling of the 

coolant does not occur at any point in the core during normal steady state 

opera t ion . Bulk boiling is pe rmi t t ed during t rans ien ts because very few 

fuel channels a r e involved and the resul t ing effects on overal l r eac to r 

per formance a r e s m a l l . Local boiling of the coolant may occur in the reac tor 

during normal steady state operat ion, and has no appreciable effect on reac tor 

operat ion except a slight increase in friction p r e s s u r e d rop . The heat t r ans fe r 

cha rac t e r i s t i c s of the co re a re actually improved. 

The hydraulic t r ans ien t analyses show that no r isk of core damage exists 

for the total loss of forced coolant flow from either maximum or minimum 

initial flow conditions . 

- vii = 



I. I N T R O D U C T I O N 

A. REACTOR DESIGN DATA 

The pr incipal thermodynamic , hydraulic , and mechanical design data 

for the CETR core a re summar i zed in Table I, 

B . LIMITATIONS ON PERFORMANCE 

Design l imits for the per formance of the CETR core a r e based on 

evaluation of the effects of t h e r m a l phenomena on the continuous opera ­

tion of the r eac to r at ra ted power . These phenomena a re burnout, fuel 

cent ra l melt ing, bulk boiling and local boiling. Cladding surface t emp­

e ra tu re is inherent ly l imited by the mechanisms of bulk and local boiling. 

The most se r ious of these design l imitat ions is imposed by burnout 

(the condition resul t ing from a t rans i t ion from nucleate to film boiling) . 

The resul t ing inc rease in r e s i s t ance to heat t ransfe r can cause a r i se in 

surface t empe ra tu r e and, under ex t reme conditions, can resul t in fuel 

element fai lure 

The CETR is designed to prevent burnout at any attainable reac to r 

power . The max imum attainable r eac to r power is l imited to 760 MWh 

Jl30% rated power) by safety dev ices . It is also designed so oxide fuel 

melt ing cannot occur at any attainable reac tor power during steady state 

opera t ion. 

The CETR is designed so bulk boiling of the coolajit will not occur 

at any point in the core during normal steady state operat ion. Bulk 

boiling is allowed during rapid t r ans ien t s since very few fuel channels 

a r e involved and the resul t ing effects on overal l r eac to r performance 

a r e s m a l l . 

Local boiling may occur during normal steady state operat ion. 

This phenomenon has no appreciable effect on reac tor operat ion except 

for a slight i nc rease in frict ion p r e s s u r e d rop . The heat t r ans fe r 

c h a r a c t e r i s t i c s of the core a r e actually improved. 

C . POWER PEAKING FACTORS 

Nonuniform power dis t r ibut ion is calculated using a max imum- to -

average power peaking factor composed of two separa te f ac to r s . 

1. The radia l factor is the product of the gross shaping of the power 

distr ibution in the radia l d i rect ion as determined by control rod pat terns 

. 1 „ 



T A B L E I 

REACTOR DESIGN AND PERFORMANCE CHARACTERISTICS 

A . C o r e M a t e r i a l s 

F u e l 

C ladd ing 

T r a n s i t i o n p i e c e s 

S p r i n g s 

Can 

F e r r u l e s 

C o n t r o l r o d s 

F o l l o w e r r o d s 

F i x e d s h i m r o d s 

F i x e d f i l l e r r o d s 

F l u x d e p r e s s o r p l a t e s 

B . G e o m e t r y 

F u e l l o d OD 

Clad t h i c k n e s s 

F u e l p e l l e t d i a m e t e r 

F u e l peJ ie t l e n g t h / d i a m e t e r r a t i o 

F u e l r o d p i t ch ( s q u a r e ) 

N u m b e r of fuel r o d s p e r e l e m e n t 

Ac t ive fuel length p e r r o d (cold) 

F e r r u l e OD 

F e r r u l e ID 

F e r r u l e length 

N u m b e r of f e r r u l e p l a n e s 

E l e m e n t s i z e 

E l e m e n t p i t ch 

C a n t h i c k n e s s 

Numbe"^ of e l e m e n t s p e r c o r e 

C o n t r o l r o d p i t ch 

C o n t r o l r o d b l a d e width 

Gop-trol r o d b l a d e t h i c k n e s s 

ThO -UO^ m i x t u r e 

304 s t a i n l e s s s t e e l , 
b o r o n mod i f i ed 

304 s t a i n l e s s s t e e l 

I n c o n e l - X 

Z i r c a l o y - 2 

304 s t a i n l e s s s t e e l 

Hafn ium 

Z i r c a l o y - 2 

304 s t a i n l e s s s t e e l , 
b o r o n modi f ied 

Z i r c a l o y - 2 

304 s t a i n l e s s s t e e l 

0 304 i n c h e s 

0 . 0 2 0 5 inches 

0 260 i n c h e s 

3 

0 . 374 i n c h e s 

195 

9 8 . 5 i n c h e s 

0 225 i n c h e s 

0 . 1 8 9 i n c h e s 

0 750 i n c h e s 

12 

5 .711 i n c h e s s q u a i e 

6 . 3225 i n c h e s 

0 . 155 i n c h e s 

120 

1 2 . 6 4 5 i n c h e s 

10 .00 i n c h e s 

0 . 3 0 0 i n c h e s 
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TABLE I (Cont'd) 

REACTOR DESIGN AND PERFORMANCE CHARACTERISTICS 

Number of control rods 

Fixed shim blade width 

Fixed shim blade th ickness 

Maximum number of fixed shims 

Maximum core d iamete r 

21 

10.0 inches 

0 .125 inches 

24 

84.34 inches 

Fluid Flow 

Total r eac to r flow 

Leakage flow 

Velocity (inside e lements) 

Total a r e a inside element 

Flow a r e a (effective) 

Flow a r e a in f e r ru le region 

Equivalent d iamete r for p r e s s u r e 
drop (unit cell) 

P r e s s u r e drop 

(grid plate to gr id plate) 

P r e s s u r e drop (fuel region) 

Operating p r e s s u r e 

52.8 X 10 I b s / h r 

7. 1 X 10^ I b s / h r 

21 .5 f t / s e c 

29.0 inches / e l e m e n t 
2 

14.8 inches / e l e m e n t 
2 

12.5 inches / e l e m e n t 

0.0237 ft 

43 .8 ps i 

33 . 1 psi 

1485 psig 

D. Heat T rans fe r 

Reactor power 

Average heat flux (at 585 MWh) 

Heat t r an s f e r coefficient 

Heat t r ans fe r a r e a 

Reactor inlet t e m p e r a t u r e (at 
585 MWh) 

Average r e a c t o r coolant t e m p ­
e r a tu r e r i s e (at 585 MWh) 

585 MWh 

128, 000 B t u / h r - f t 

2 
9, 100 B t u / h r - f t ^ ° F 

15,600 ft 

486.5 F 

32.5 F 

E . General 

Equivalent core d i ame te r 

Total core volume 
(98.5 inches-length) 

77.7 inches (197„3 cm) 

273.4 cu ft (7740 l i ters) 



and var ia t ion of fuel concentrat ion over comparat ively large volumes of 

the core , and of the highly localized peaking which occurs in fuel rods 

located near large heterogeneous water a r e a s or regions of low neutron 

absorpt ion. 

2. The axial factor is a m e a s u r e of the variat ion in power along 

the axis of the channel from inlet to outlet of the channel, de termined 

by the distance a group of control rods is withdrawn from, the bottom 

of the c o r e . 
27 All power peaking factors a re obtained from physics ca lcu la t ions -^ 

and a re supported by resu l t s from c r i t i ca l exper iments and hot exponential 

expe r imen t s . Since the peaking factors used in design calculat ions a r e 

g r ea t e r than those actually calculated or nneasured, the r e su l t s a r e con­

se rva t ive . The maximum peaking factors used for CETR design a r e : rad ia l , 
if if . 

(4> / 4^)0 = 2 .2 ; and axial, (cj) / 4>). = 1.9. The total peaJcing factor 

is the product of the individual fac tors , and is 4 .2 for CETR. The r e l a ­

tionship between peak power and average power is given by the following 

equation; 
q ' " ( m a x ) = (<(>*/^)j^ (4) * / ^ 1 ^ q ' " (avg) (1) 

Symbols a re defined in Table VII. 

D. HOT CHANNEL FACTORS 

A complete core t he rma l analysis includes analyses of the hot, 

nominal, and average channe ls . The maximum adverse effects of 

maniifacturing to le rances (variat ions in both geometr ica l dimensions and 

physical p roper t ies ) and the maximum radia l power peak a r e combined 

for the analysis of a hot channel . In the analysis of a nominal channel 

the maximum radia l power peeik only is cons idered . Neither the adverse 

effects of manufacturing to le rances nor the radial power peak is cons i ­

dered in the analysis of an average channel . 

The manufacturing to le rances a r e descr ibed by hot channel factors 

for purposes of calcula t ion. Two types of hot channel factors a re used: 

subfactors and overal l f a c t o r s . Hot channel subfactors account for the 

deviation from the norm of a single va r i ab l e . The overa l l hot channel 

factors a re products of individual subfactors . The hot channel factors 

used in the CETR core analyses a re defined in Tables II and III. 

- 4 -
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The numer ica l values of the four overall hot channel factors for the 

CETR a r e : 

Fq, , = 1.035 

F , = 1.034 
q 

F Q = 1.109 

These values a re determined by applying the worst possible combi­

nation of manufacturing to le rances to the same channel and the final resul t 

is obviously conserva t ive . The factors a r e applied to the calculat ions for 

burnout, fuel cen t ra l melting, local boiling, and bulk boiling; and the i r 

specific application is d i scussed in following sec t ions . 

TABLE II 

OVERALL HOT CHANNEL FACTORS 

F̂ „ = <W(V W ^ W ' ^ ^ V 
Fq, = F ^ - . / ( f D q „ ) ( f e ) 

^AT = (^FD) (̂ ê  (fp) ( V '̂e) < W ) <̂ PW) (̂ BW) 

^0 = ^^FD) (̂ ê  V V '̂î "̂̂  ^'-^ ^'^^^ '̂pĥ  '̂Bh) 

F ,, - Hot channel factor on heat flux, ra t io of maximum 
heat to nominal heat flux. 

F , - Hot channel factor on lineal heat ra te , rat io of max-
imum heat ra te to nominal heat ra te . 

F . _ - Hot channel factor on coolant t empe ra tu r e r i s e , 
ra t io of maximum to nominal coolant t empe ra tu r e 
r i s e . 

Frt - Hot channel factor on film t empera tu re r i se , rat io 
of maximum to nominal film t empe ra tu r e r i s e . 

C_ ^ J ' - ' 
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TABLE III 

HOT CHANNEL SUBFACTORS 

f - - Effect of variation of fuel diameter at a point, 
r D 

f' - - Effect of variation of fuel diaimeter over active fuel 
length. 

I - - Effect of variation of fuel enrichm.ent at a point. 

fi 
I - - Effect of variation of fuel enrichment over active 

fuel length. 

f - - Effect of variation of fuel density at a point. 

f - - Effect of variation of fuel density over active fuel 
" length. 

f_̂ .̂  - - Effect of variation in rod diameter on coolant. 

f_, - - Effect of variation in rod diameter on film coefficient, 
Dh 

f-n ,, -- Effect of variation in rod diameter on heat flux. Dq'' 

f^ -- Effect of variation of fuel mixing at a point. 

f - - Effect of variation of fuel mixing over active fuel 
' length. 

f - - Effect of variation of fuel eccentricity at a point. 

f - - Effect of variation of fuel eccentricity over active 
length. 

f„, - - Effect of variation in rod pitch on film coefficient. 

f_,, - - Effect of variation in rod bow on film coefficient, 
xjh 

f_.̂^ - - Effect of variation in rod pitch on coolant. 

iy^y.r -- Effect of variation in rod bow on coolant. 
a w 

c 
b* 



IL STEADY STATE ANALYSES 

A. HYDRAULIC DESIGN 

1. Introduction 

Knowledge of the hydraulic c h a r a c t e r i s t i c s of a r eac to r sys tem 

is requi red for design of the s y s t e m . The effects of channel geometry, 

fluid inlet conditions, flow ra te , heat input, and power dis tr ibut ion on 

p r e s s u r e drop and core flow distr ibut ion must be accura te ly de te rmined . 

Theoret ica l methods of analysis and exper imenta l cor re la t ions a r e p r e ­

sented, and the rel iabi l i ty of the methods is demons t ra ted . 

2. P r e s s u r e Drop 

Calculation of p r e s s u r e drops within the reac to r sys tem is base 

on s tandard methods der ived from theory and from the resu l t s of expe r i ­

ments . Methods a r e developed for analysis of single' phase flow, with and 

without local boiling; and for analysis of two phase flow. 

All p r e s s u r e drop calculat ions a re based on the following equa­

tion; 

G_dv ^ vGdG_ ^ ^ 2 + dP + p6F = 0 (2) 
g g 

if the equation is integrated over a short enough length with a uniform 

flow a rea , average values of velocity and density may be used and the 

equation becomes : 

AP = P^ - P^ = - p (Z^ - Z^) - ^ (v^ _ v^) - p F (3) 

where the A notation indicates downstream values minus ups t r eam values . 

The p r e s s u r e drop equation (3) can be divided into severa l 

components . 

F r ic t ion p r e s s u r e drop, A P , = - p F (4) 
Q 2 

Accelera t ion p r e s s u r e drop, AP = - [v^^ - v^) (5) 

Head loss , AP^ = - ? ( Z ^ - Z ^ ) (6) 

! 



A change in flow a r e a r equ i r e s an additional t e r m which is , for expansion, 
.2 
^ '"l - (T̂  - K 1 , (7) 

V 
A P = + p 

2g 

am.d for contract ion, 

A P = - P 
- 2 

2g 
1 - 0- K (8) 

1 
The two preceding equations were developed by Kays and London—. In both 

cases cr is the rat io of the sma l l e r to the l a r g e r flow a r e a (cr < 1). 

As previously stated, the fluid equation is in tegra ted over a 

small length of channel and an incrementa l method of solution is used. 

The digital computer p r o g r a m used to calculate p r e s s u r e drops is based 

on this incrementa l naethod to provide for var iab le heating ra te and flow 

a r e a . 
a. Single Phase Flow 

F o r single phase flow, the friction p r e s s u r e drop takes the 

„ 11^ — ^ 
P F - - - P i - P 

form 

A P , 
D 

V 
2£ 

:9) 

where f is the Moody frict ion factor—. The equation best fitting the Moody 

curves for machine use is 

f = 2 log 

( 
10 

e / D _J_ e_ 
3.715 

5.028 
R log 

E / D e 
1013.175 + 

16.76 
R (10) 

Calculations have demons t ra t ed that equation 10 fits the Moody curves 

within about 1% for turbulent flow . 

Acce lera t ion and head losses a re calculated with equa­

tions 5 and 6 respec t ive ly . 

b . Single Phase Flow With Local Boiling 

Local boiling i nc rea se s p r e s s u r e drop due to fr ic t ion. 

Of the few available co r re l a t ions of exper imenta l data, the one p r o -
3 

posed by Westinghouse Atomic Power Division (WAPD)— appears to 

be the b e s t . The following equations r ep re sen t the WAPD cor re la t ion : 

f, lb 3j€ 

1 - 0.0025 AT 1 + 0.76 
6 ^/^ 

y 
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h = 0,23 §- (Rg)° -^ ( P r ) ^ / ^ (12) 
e 

AT^ = q ' V C ^ h (13) 

A T ^ . , = T + 6 0 ( q ' / l 0 ^ ° -^^ , 
J&L sat p/^QQ ~ B ^ ' 

e 

AT* = AT^, ATjg^^ > AT^ (15) 

^ T * = A T j ^ ^ , A T j ^ ^ < AT, (16) 

r = 1 - ^ " ^''^ 

A combination of equations 12 through 16 is used to calculate the point at 

which local boiling begins . The friction p r e s s u r e drop for local boiling 

therefore becomes : 

. „ ^Ib fL - V^ ,,Q. 
^^f = - — D" P T F ^̂ ^̂  

e ° 
The -p re s su re drops due to accelerat ion, fluid head, and 

expansion and contract ion a re unaffected since local boiling has little 
4 5 

effect on fluid densi ty . Egen and Dinges—, and Reynolds—, have produced 

exper imenta l evidence substantiating this assumption to within a few 

degrees of the sa tura t ion t e m p e r a t u r e . 

c . Two Phase Flow 

Two phase flow with bulk boiling begins when the fluid 

tenmperature equals the saturat ion t e m p e r a t u r e . In two phase flow the 

accelera t ion and head p r e s s u r e drops both depend on fluid density and 

a re strongly dependent upon the volume fraction of s team in the channel. 

General ly, the s team and water do not flow at the saitie velocity; how­

ever , if the re la t ive veloci t ies of the s team and water a re known, it is 

possible to calculate the s team volume fraction and hence the mixture 

density as a function of posi t ion. 

The re la t ive velocity of the sys tem is defined as 
V„ = V - V^, where V and V, a re the average s team and water 

R g f g f ^ 
velocit ies respec t ive ly . The slip ra t io is defined as V /V^.. These 
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definitions assume an average velocity can be assigned to each phase, and 

no p r e s s u r e gradient normal to the direct ion of flow ex i s t s . 

A weight balance at any point in the channel gives express ions 

relating s team quality, s team volume fract ions, and slip r a t i o . These ex­

press ions a re 

X = , , ^ , , (19) 
^f Pf 1 

1 + ( 

g g 

1 
V P , 

1 + ^ - S (̂  
^f Pf ^^ 

- 1] 

- 1) 

or 
a = ^ 5 . - ^ - . (20) 

A relat ive velocity cor re la t ion based on exper imenta l data of Behringer— 
7 

(Figure 1) is used for slip data . Exper imenta l resul t s from ANL—are 

slightly higher than the values obtained from the co r re l a t ion . Calculated 

p r e s s u r e drops using different values of slop ratio compare favorably with 
Q 

the exper imental data of Jakob—. F o r purposes of machine calculations 

the following equation has been fitted to F igure 1, 

V^ = a + b c ^ (21) 

V and a a re obtained by the i tera t ive solution of equations 20 and 2 1 . 
R 

Steam quality is calculated with a heat ba lance . 

Two phase friction p r e s s u r e drops a re calculated using 
9 

the method of Mar t ine l l i and Nelson— modified by a cor re la t ion for the 
3 

effect of m a s s velocity der ived at WAPD—. The WAPD cor rec t ion is 

applied as a mul t ip l ier and is suitable for an incrementa l p r e s s u r e drop 

calculat ion. The Mart ine l l i and Nelson curves have been fitted by the 

following equation: 

n= 0 

where the 6 a r e functions of p r e s s u r e . The WAPD cor rec t ion factor is n ^ 

C = 1 + A 7 x + BX (23) 
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w h e r e 

A = ^ A ^ ( G / 1 0 ^ ) ^ (24) 

n = 0 

B = 1^ B^ ( G / 1 0 ^ ^ . (25) 

n = 0 

The c o n s t a n t s in e q u a t i o n s 24 and 25 a r e a l so p r e s s u r e d e p e n d e n t . The 

c o r r e c t e d f r i c t i o n m u l t i p l i e r t h e r e f o r e b e c o m e s 

T P F I^-° 
n = 0 

1 + A ^ + BX (26) 

and the f r i c t i o n l o s s i s 

A P , 
^ T P F ^ o ^ 

D 2g • 
(27) 

In t h i s equa t ion , f i s t he Moody f r i c t i o n f ac to r with the whole channe l 

f i l led wi th s a t u r a t e d w a t e r . 

The a c c e l e r a t i o n p r e s s u r e d r o p for two p h a s e flow t a k e s 

the iorm: 

A P 
g 

(1 - XX X 

(1 - a). 
2 Pf (' - ^ ) l ^ 1 Pf 

(1 - ° ) i 2 "̂ g ° l P g 
2_ 
Pf 

w h e r e the s u b s c r i p t s 2 and 1 r e p r e s e n t the u p s t r e a m and d o w n s t r e a m l i m i t s 

of t h e i n c r e m e n t r e s p e c t i v e l y . 

F l u i d h e a d fo r i n c r e m e n t a l p r e s s u r e d r o p c a l c u l a t i o n s is 

o b t a i n e d f r o m t h e equa t ion 

A P , = - L 
h 

Pr + 5 P 
' ^ l + ""Z 

g 
(29) 

It i s a s s u m e d t h e a v e r a g e d e n s i t y in the i n c r e m e n t i s t he l i n e a r a v e r a g e 

of the t e r m i n a l v a l u e s . 

B e c a u s e of t h e s c a r c i t y of e x p e r i m e n t a l d a t a on e x p a n s i o n 

and c o n t r a c t i o n d u r i n g two p h a s e flow, a t h e o r e t i c a l m e t h o d of c a l c u l a t i o n 

s i m i l a r to t h a t u s e d fo r two p h a s e f r i c t i o n h a s b e e n d e v i s e d . The e x p a n ­

s ion and c o n t r a c t i o n l o s s e s a r e c a l c u l a t e d for a s ing le p h a s e of s a t u r a t e d 



fluid and co r r ec t ed by a mul t ip l i e r . The resul t ing equations a re 

and 

where 

A P 

A P 

' ^ 
I K p . ^ — c ^f 2g 

--1 
1 - I K f l 

I = 1 + x ( y v /V, - 1) 
g 

(30) 

(31) 

(32) 

The preceding equations a s sume the slip ra t io does not change with change 

in flow a r e a and the p r e s s u r e changes a re too smal l to affect X and a. 

Orifice data for two phase flow obtained by Hoopes—, show 

good agreement with the above equations . 

We i s s— repor ted resu l t s of p r e s s u r e drop exper iments 

covering nonboiling, local boiling, and bulk boiling within a ver t ica l , 

uniformly heated tube of uniform c r o s s sect ion. P r e s s u r e drops ca lcu­

lated by the methods descr ibed a r e within 11% of these exper imenta l resul t 

and the average deviation is approximately 4%. The resu l t s of one of the 

exper iments of Weiss a r e plotted with calculated p r e s s u r e drops in 

Figure 2. 

P r e s s u r e drops for single phase flow were naeasured 

experimental ly in a full scale model of a CETR fuel element at the B&W 

Research Cen te r . The only significant deviations from accepted c o r r e ­

lations were the contract ion coefficient at the inlet t rans i t ion piece and 

the conabined contract ion and expansion coefficient at the fe r ru le planes . 

Exper imenta l values for these were de termined to be 0.54 and 0.32 

respect ive ly . Using these exper imenta l values , the calculated p r e s s u r e 

drop for the tes t e lement agreed with the measu red p r e s s u r e drop to 

within about 2%. 

The re su l t s of p r e s s u r e drop calculations at ra ted power 

are given in Table I . 

3 . Flow Distr ibut ion 

The distr ibution of coolant flow within a reac to r core is c a l ­

culated using the theory of para l le l flow. This theory s ta tes that p a r a ­

llel channels connecting common plenum chambers all have the same 

p r e s s u r e drop, and that flow in the var ious channels adjusts itself to 

produce the requ i red p r e s s u r e d rop . 
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The complex geometry of a fuel bundle connplicates calculations 

of flow dis t r ibut ion. F o r simplification, each unit cell in a fuel bundle is 

a s sumed to be a separa te flow channel in para l le l with all other channels 

in the bundle. The flow channels a re a ssumed to be isolated from each 

other without fluid mixing, e i ther from crossflow or •from turbulence 

c rea ted by f e r r u l e s . Compar i sons with calculations where crossflow is 

allowed and the p r e s s u r e drop is balanced at all points along the channel 

a re inconclusive; however, the re a re indications that isolated channel ca l ­

culations a r e conse rva t ive . 

Leakage flow through the control rod channels, between cans , 

and through the t he rma l shields is control led by orifices . The method 

for sizing these orif ices is desc r ibed l a t e r . 

A flow distr ibut ion analysis necessa r i ly involves a t r i a l and 

e r r o r solution. Briefly, the method is as follows. A plot of p r e s s u r e 

drop ve r sus flow rate is made for each different type of fuel channel . 

(This information is obtained from the computer p rogram previously 

ment ioned.) Any chosen p r e s s u r e drop fixes a cer ta in flow for each type 

of channel and with the number of each type of channel known, it is possible 

to obtain a total core flow for the chosen p r e s s u r e drop . 

Exper imenta l r esu l t s from a l / 2 4 scale flow model of the CETR 

core indicate a flow distr ibut ion factor of 1 .038 to account for m a l d i s t r i ­

bution of flow between fuel e lements because of flow conditions in the lower 

plenum. This factor is twice the m e a s u r e d s tandard deviation from the 

average channel . Tes t s have also been performed on the distr ibution of 

flow within a fuel bundle. Flow in the bundle is uniformly distr ibuted 

within the accuracy of the exper imenta l data . 

Because of the absence of boiling at ra ted power, flow d i s t r i ­

bution in the core is uniform except for the factor discussed above. 

Flow distr ibut ion for operat ion in excess of ra ted power is d iscussed in 

Section II B . 

4 . Orificing 

Orif ices control the flow ra tes for cooling the vesse l wall, t he rmal 

shields , control rods , and other internal components of the r eac to r . The 

orif ices a r e located and sized so the coolant flow ra tes a r e sufficient to p r e ­

vent excess ive t h e r m a l s t r e s s e s in the r eac to r components without starving 

the fuel e l emen t s . The location of the orif ices is descr ibed in Table IV and 

shown in Fig-ures 3 and 4. Calculat ions to determine orifice d iameters a re 
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summar ized in Table IV. There is an admitted uncertainty in the orifice 

calculat ions, and the design method is proport ionately conserva t ive . 

The following equations a re solved for the orifice flow a rea or 

d iameter : 2 

AP = — ^^ -P (33) 
j^2 2g 144 ^""^l 

o 

and V = ^ , (34) 

where K is the d ischarge coefficient including the velocity of approach. 

The methods used to de te rmine design values of the discharge coefficient, 

p r e s s u r e drop, and flow ra te for each orifice a re descr ibed in the follow­

ing sections . 

a. Orifice Coefficients 

Discharge coefficients were m e a s u r e d experimental ly for 

all orif ices except those in thin p l a t e s . Because of abnormal flow condi­

t ions, flow t e s t s were made in mock-ups of the reac tor flow channels for 

the following orifice types: control rod nozzle seal or i f ices , lower grid 

plate orif ices at the r ib in te rsec t ions , and the rma l shield o r i f i ces . The 

flow conditions for other orif ice types approximate those for s tandard 

pipe orifice m e a s u r e m e n t s . The m e a s u r e d d ischarge coefficients for 

shor t - tube , squarepedge orif ices a re in good agreement with the values 

repor ted in Kent ' s Mechanical Eng inee r ' s Handbook—. P r e c i s e d i s ­

charge coefficients for s tandard orif ices in thin plates a r e given in Fluid 
13 Meters—. The value and source of each d ischarge coefficient used in 

design calculat ions a r e shown in Table IV. 

b . Orifice P r e s s u r e Drops 

The orifice p r e s s u r e drops a re set to give a minimunn 

differential p r e s s u r e a c r o s s the fuel can wal l . If the total orifice flow 

rate is 25% less than the design value (with a resul tant inc rease in the 

flow rate through the fuel e lements) , the differential p r e s s u r e ac ros s 

the fuel can will not exceed the maximum design value of 18 p s i . The 

p r e s s u r e drop a c r o s s each orifice is given in Table IV and is shown on 

the p r e s s u r e map in F igure 3 . 

c . Orifice Flow Rates 

The flow ra te s for the annuli between the rma l shields , the 

channels between fuel e lements , and the hold-down columns a re control led 

by orifices above or below the channels . The orifice flow ra tes a re set to 
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prevent excess ive t he rma l s t r e s s e s in the in ternal components as a resul t 

of t he rma l gradients and differential t he rma l expansion. F o r t empera tu re 

dis t r ibut ion calculat ions , the heat generat ion ra tes include a satfety factor 

of 1.5 for the t h e r m a l shields and 1.25 for the core in te rna l s . The flow 

ra te s a r e sufficient to prevent local boiling on the surface of any internal 

component and provide equal p r e s s u r e drops for all para l le l channels bet ­

ween fuel e lements . Maldis t r ibut ion of flow between para l le l channels 

will not resul t f rom unequal channel flow res i s tance or fronn increased 

local boiling p r e s s u r e d rop . A s u m m a r y of the reac tor flow distr ibution 

is given in Table V, amd orifice flow ra t e s a re given in Table IV. 

The effect of seal leakage on the orifice flow ra tes was 

calculated for the orifice seal r ing, the the rmal shield (piston ring) seal , 

the control rod nozzle sea l s , and the sea ls between mating surfaces of 

components . In each case , the seal geometry can be approximated by an 
14 annulus of by para l l e l pla tes with fine c l ea r ance . The Nootbar and Kinter— 

cor re la t ions for friction factor in flow passages with fine c learance a re 

used in design calculat ions 

•J- = —j^— F o r l aminar flow range, (35) 
e 

-J— = —'•—n—T- F o r turbulent flow range . (36) 

^ ( V ^ 
Entrance and exit loss coefficients from Kays and London— are used for 

square-edge annular or i f ices and para l le l p l a t e s . I^or round-edge annular 

or i f ices , the sum of the entrance and exit loss coefficients is 1.01 as r e ­

commended by Bell and Berge l in—. Exper imenta l work by Schneckenberg— 
17 and by Tao and Danovan— shows that the flow rate through a fully eccentr ic 

annular orifice is about 1 . 3 t imes the flow rate through a concentric annulus . 

Lecikage calculat ions made by dividing the seal ring into 30 sec to rs con­

f i rmed this flow inc rease for the eccentr ic annulus. As-buil t dimensions, 

co r r ec t ed to operat ing t e m p e r a t u r e , a r e used in the seal calcula t ions . The 

re su l t s show that the leakage flow ra t e s a re small for all seals except the 

orifice seal r ing . The leakage flow ra te for the piston ring seal was v e r i ­

fied by exper iment . The maximum leakage was about 4 .5 l b s / s e c for 70 F 

water and a 50 psi p r e s s u r e different ial . 
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The flow through the orifice seal ring is a major port ion of 

the flow leaving the c o r e region and will vary with the eccentr ic i ty of the 

seal annuius . There is no means of center ing the upper grid assennbly in 

the orifice seal ring, and the annuius will be at least par t ia l ly eccen t r i c . 

The orifice seal ring is assumed fiilly eccent r ic for design calculations to 

reduce the possibi l i ty of divert ing too much flow from the fuel e l emen t s . 

Design calculat ions a r e based on a total flow rate through 

the fuel e lements of 45 . 7 x 10 I b s / h r and a flow rate outside the fuel 

elements of 5.5 X 10 I b s / h r . A flow ra te of 1. 6 x 10 I b s / h r , 29% of 

the design orifice flow, is allowed for uncer ta inty in orifice calculat ions 

and miscel laneous leakage . 

B . THERMAL DESIGN 

1 . Introduction 

The p r i m a r y function of a r eac to r is to produce heat, and a com­

plete knowledge of t he rma l analysis p rocedures is n e c e s s a r y to sat isfactor i ly 

design such a plant . The t he rma l design p rocedures included in this section 

predict burnout, fuel cent ra l melt ing, local boiling and bulk boiling conditions . 

2. Burnout 

Burnout is the most severe l imitat ion controlling the design of a 

water cooled r e a c t o r . It is defined for the purposes of this analysis as the 

condition when nucleate boiling on a heated surface ends and film boiling 

begins . This condition can be produced by var ious com.binations of heat fliix, 

coolant flow ra te , t e m p e r a t u r e , and p r e s s u r e . When a film of s team is 

suddenly formed on the heated fuel cladding surface, r e s i s t ance to heat t r a n s ­

fer inc reases rapidly . The clad surface t empe ra tu r e i nc r ea se s , and melting 

of the cladding is poss ib le . 

The burnout co r re la t ion used for the CETR design was de termined 

by fitting an equation to available burnout data including recent data from 

Argonne National Labora to ry and from The Babcock & Wilcox Company's 

Resea rch C e n t e r . The form of the cor re la t ion is the same as that developed 
18 

by WAPD—. Additional data have been included to substantiate the validity 

of the co r re l a t ion . 

The equation used exp re s se s the burnout heat flux as a function of 

(a) the coolant enthalpy at the burnout point, (b) the coolant m a s s velocity, 

(c) the length of heated channel, cuid (d) the hydraulic equivalent d iamete r of 

that channel . The curve which best fits the above descr ibed data is reduced 

by a factor of 1.54 to account for sca t te r of the data . This curve is used in 
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TABLE IV 

SUMMARY OF CETR ORIFICE CALCULATIONS 

N u m b e r Ori f ice 
of Locat ion 

Or i f i ces (See F i g . 3) 

Desc r ip t ion 
of 

Ori f ice 

60 

30 

9 

(1) 

(2) 

(3) 

Total 
Flow, 
lb / sec 

Water Orif ice Orif ice Ori f ice 
T e m p AP, Diameter , Discharge 

^ F ps i inches Coefficient 

28 

112 

137 

49 

21 

207 

86 

156 

242 

40 

66 

Orif ice for flow between i n n e r m o s t 
and second t h e r m a l shie lds 

Ori f ice for flow between second and 
th i rd t h e r m a l shie lds 

Ori f ice for flow between th i rd t h e r ­
ma l shield and v e s s e l wall 

TOTAL FLOW BETWEEN THERMAL SHIELDS 

Orif ice for flow through holddown 
column (at top of ma in tube) 

Ori f ice for flow outs ide holddown 
colujnn (in wail of naam tube n e a r 
bottom) 

TOTAL HOLD-DOWN COLUMN FLOW 

4 (4) Orif ice for flow between c o r e sh roud 
and inner t h e r m a l sh ie ld -pos i t ion D-
F i g u r e 4 

8 (5) Orif ice for flow between c o r e shroud 
and inner t h e r m a l sh ie ld -pos i t ion E -
F igu re 4 

8 (6) Ori f ice for flow between c o r e shroud 44 
and inner t h e r m a l sh ie ld -pos i t ion F -
F i g u r e 4 

TOTAL FLOW BETWEEN CORE SHROUD AND FIRST SHIELD "150 

Orif ice for con t ro l rod nozzle sea l 324 
4 each cont ro l rod dr ive shaft 

Ori f ice for con t ro l rod nozzle t h e r - 40 
ma l s leeve heat ing wa te r 2 each 
dr ive shaft 

Ori f ice a t r i b i n t e r s e c t i o n lower 115 
gr id p l a t e -pos i t ion A - F i g u r e 4 

Ori f ice at r ib i n t e r s e c t i o n lower 133 
gr id p l a t e -pos i t ion B - F i g u r e 4 

Orif ice in lower gr id p l a t e - p o s i - 320 
tion C - F i g u r e 4 

TOTAL FLOW BETWEEN F U E L ELEMENTS "932 

TOTAL FLOW INTO CORE REGION 1238 

Orif ice m upper gr id p l a t e - p o s i - l68 
tion C - F i g u r e 4 

Ori f ice for con t ro l rod guide tube - 460 
thin plate 

Ori f ice sea l r i n g - e c c e n t r i c plus 610 
seat ing sur face leakage 

TOTAL FLOW OUT O F CORE REGION 1238 

TOTAL ORIFICE FLOW 1531 

84 

42 

24 

12 

16 

(7) 

(8) 

(9) 

(10) 

(11) 

16 

21 

(12) 

(13) 

(14) 

510 50 6 0 328 0 79 

510 50 6 0 266 0 81 

510 50 6 0 328 0 81* 

510 44 .0 0 406 0 77 

486 5 24 0 0 406 0 60 — 
(+ Bend Loss) 

490 26 0 0 813 0 80 

490 26 0 0 734 0 80 

490 26 0 0 594 0 8 0 * 

486 5 26 0 0.500 0 80 

486 5 26 0 0 25 0 80 

490 24 0 0 563 D 8 2 * 

490 24 0 0 859 0 82 

* 
490 24 0 1 172 0 79 

520 20 .0 0 875 0.80 

520 20 0 1 469 0 61 — 

520 

* - Including Veloci ty of Approach 

** - F r o m Flow Tes t Mockup of Reac to r 
Flow Channel 

*** - F r o m Flow Tes t F o r Shor t -Tube 
Orif ices m P ipes 



T A B L E V 

SUMMARY OF REACTOR FLOW DISTRIBUTION 

REGION FLOW RATE 

l b s / s ec i b s / h r 
X 106 

F u e l e l e m e n t s 1 2 , 6 9 4 . 4 4 5 . 7 0 

B e t w e e n fuel e l e m e n t s 

C o n t r o l r o d c h a n n e l s 3 .50.0 1.26 

F i x e d s h i m c h a n n e l s 1 1 4 . 8 0 . 4 1 

O t h e r c h a n n e l s b e t w e e n e l e m e n t s 4 6 7 . 6 1.68 

B e t w e e n i n n e r m o s t t h e r m a l s h i e l d and 

c o r e s h r o u d 1 5 0 . 0 0 . 5 4 

B e t w e e n t h e r m a l s h i e l d s 2 0 7 . 0 0 . 7 5 

Holddown c o l u m n s 2 4 2 . 2 0 . 8 7 

A l l o w a n c e for u n c e r t a i n t y in o r i f i c e 
flow and m i s c e l l a n e o u s l e a k a g e 4 4 4 . 4 1 • 60 

T O T A L R E A C T O R F L O W 1 4 , 6 7 0 . 4 5 2 . 8 
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determining the maximum pe rmis s ib l e heat flux. 

The maximum pe rmi s s ib l e heat flux is also reduced by 20 per cent 

to account for uncertaint ies , and the result ing cor re la t ion is used as the m a x ­

imum design heat flux c u r v e . Resul ts of tes ts made by the AEC Bettis Lab­

ora to ry indicate that this design curve is conservat ive . Four bundles of nine 

tubes were tes ted to the point of physical burnout. The heat fluxes at burn­

out were at least 65 pe r cent above the design cu rve . A plot of severa l heat 

flux cor re la t ions is given in F igure 5 for purposes of compar i son . The equa­

tion developed for the maximum pe rmiss ib l e heat flux i s : 

0.182 1 + ^ 
"1 B . O . V 10 ; (37) 

10^ , , .2..5 X. - X 

F / M ,0.0012 - V - ^ 
^ \ l O ^ / 

The heat flux calculated with the preceding equation (with F = 1 . 2 ) 
s 

is defined as the maiximiim design heat flux. The burnout heat flux analysis 

is a combination of severa l of the calculation methods previously mentioned. 

The f i rs t step is to de te rmine the p r e s s u r e drop in the core at ra ted flow. 

This is found by computing the p r e s s u r e drop for a fuel element at ra ted 

power and flow rate with all hot channel and peaking factors equal to unity. 

The p r e s s u r e drop for the average channel is the same as that of the average 

element, and of the c o r e . All pesiking and hot channel factors including that 

for maldis t r ibut ion of flow a re then applied to the hot channel, and a hot 

channel flow rate is computed. This procedure is repeated for a se r i e s of 

power levels . 

With the coolant conditions along the hot channel as a function of 

power level, the naaximum design heat flux is computed and compared with 

the actual surface heat fl\ix in that channel . This procedure is repeated for 

var ious power levels until the surface heat flux and the maximum design heat 

flux become just equal at some point in the hot channel . This power level is 

defined as the maximum safe r eac to r power level . 

F igu re 6 i l lus t ra tes the resu l t s of the burnout heat fliix analysis 

for ra ted power operat ion (585 MWh) . A radial peaking factor of 2 . 2 is 

a s sumed . This is a value slightly higher than the highest value calculated 

in the CETR control rod p rog ramming studies . A cosine axial power d i s ­

tr ibution with a calculated peak- to -ave rage rat io of 1.5 is a s sumed . The 
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analysis is pe r fo rmed for the hot chajinel, cind the hot channel factors l is ted 

in Section I D a re used . Even with all burnout safety factors included, the 

minimum rat io of burnout heat flux to actual heat flux is 2 . 4 8 . 

The surface heat flux in the hot channel inc reases as the power 

level is inc reased above ra ted power . In steady state, the coolant inlet 

t empera tu re also inc reases and causes a change in the coolant flow rate 

and p roper t i e s in the hot channel . As a resul t the majcimum design heat 

fltix d e c r e a s e s . F igure 7 i l lus t ra tes the r e su l t s of the t he rma l analysis of 

the hot channel (all hot channel factors applied) for operat ion at 837 MW 

(143% rated power) . Since the surface heat flux and maximum design heat 

flux curves a re just tangent, this power level is the maximum safe reac tor 

power level . Moreover , exper imenta l evidence previously cited indicates 

that in any event the surface heat flux may exceed the maximum design heat 

flux by as much as 20% without damage . 

The resu l t s of the flow dis t r ibut ion calculation for the case i l lus ­

t ra ted in F igure 7 show a flow reduction in the hot channel of 23% due to 

the effects of boiling in that channel . The exit quality in the hot channel is 

0 .164. 

The control rod p rogramming studies have also indicated axial 

peaks in the bottom of the co re when control rods a r e only par t ia l ly with­

drawn. The highest expected maximum to average ratio is 1.9. Since the 

peak is in the bottom of the core where the water sub-cooling is g rea tes t , 

the higher peaking factor can be tolerated. The maximum safe r eac to r 

power level for this condition was de te rmined to be 790 MW (135% rated 

power) . 

The two cases descr ibed are the ex t reme c a s e s ; all other m a x ­

imum safe r eac to r powers for other axial power peaks a r e located between 

them. 

Methods of calculating maximum design heat flux for par t i a l 

flow conditions a r e identical to those used for normal flow ca lcula t ions . 

The fliox flow computer in the r eac to r control sys tem l imits the r eac to r 

power to a p r e se t power level for each par t ia l flow condition. These power 

levels a re l i s ted in Table VI in the column headed "Average P o w e r " . The 

maximum safe r eac to r power level for each par t i a l flow condition is also 

shown. 
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Case 
N o . 

1 

2 

3 

4 

5-

6 

7 

8 

9 

10 

11 

TABLE VI 

MAXIMUM SAFE REACTOR POWER AT PARTIAL FLOW 

N o . 
Pumps 

7 
6 

6 

5 

5 

4 

4 

4 

3 

3 

2 

N o . 
Loops 

4 

4 

3 

4 

3 

4 

3 

2 

3 

2 

2 

* R 
( I b s / h r ) 

49 .35 x 10^ 

45.58 

42,. 24 

41.38 

37.93 

36.96 

33.25 

29.50 

28.47 

24.58 

19.30 f 

^ E 
° F 

482.0 

481.0 

484 .5 

480.5 

482 ..0 

473.0 

480.0 

483.5 

473.0 

481.0 

473.0 

Average Power, 
MWh 

502 

465 

431 

418 

371 

391 

324 

274 

290 

228 

:i90 

Meiximum Safe 
Reactor Power 

MWh 

680 

630 

572 

570 

516 

527 

454 

396 

401 

333 

275 

3 . Fuel Cent ra l Melting 

The second design l imit for an oxide fueled reac tor is the possible 

effect of oxide mel t ing . Several i r rad ia t ion experiments have been performed 

to de te rmine the effect of fuel melt ing on reac tor operat ion. The resu l t s thus 

far indicate fuel cent ra l melt ing will not adversely affect fuel rod integrity; 

however, they do not allow definite conclusions for use in reac to r design. The 

CETR is designed to prevent fuel cen t ra l melting under normal operation con­

ditions . 

The mos t important single factor in determining fuel cent ra l t e m p ­

e r a t u r e s is the oxide t h e r m a l conductivity since the fuel cent ra l t empera tu re 

is near ly inverse ly proport ional to i t . The the rmal conductivity of ThO^ has 
19 been investigated by Kingery e t . a l . — , and by the B &W Resea rch Cen te r . 

The two sets of data a re in ag reemen t . A fifth o rde r polynominal was fitted 

by the l eas t squares method to all the exper imenta l data. The express ion 

co r r ec t ed to theore t ica l density i s : 

K ^ 7.958 ~ 6.0857 X 10"^ T + 2.0431 X 10"^ T^ 

0.2992 X 10"^ T^ + 0.0161 x 10"-^^ T^ 

K = 1.28 B t u / l b ft F 

T < 3500 F 

T > 3500 F (38) 
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The t h e r m a l conductivity is a s sumed to be proport ional to density 

ajid unaffected by i r rad ia t ion . 

Exper imenta l evidence obtained at WAPD— and Chalk Rive r— 

support these a s sumpt ions . 

The maximum amd average fuel t e m p e r a t u r e s and the power level 

at which fuel melt ing may occur a re calculated on the bas is of heat conduction 

through a cylinder made up of a clad, a gas-f i l led gap between clad and fuel, 

and a fuel pe l le t . 

Two assumpt ions a re made concerning the composit ion of the gas 

occupying the gap between the pellet and the clad: 

(1) F o r i r r a d i a t i o n t i m e s beyond 50 r a t e d p o w e r days the gap is 

f i l led wi th the f i s s i o n p r o d u c t g a s e s , x e n o n and k r y p t o n (the gap c o n d u c t i v i t y 

be ing 0 . 0 1 B t u / h r - f t - F ) . 

(2) F o r i r rad ia t ion t imes up to 50 ra ted power days the gap is 

filled in with a mix ture of xenon, krypton, and helium (the gap conductivity 

being 0.03 B t u / h r - f t - F ) . If a fai lure of the cladding should allow water to 

enter the gap, the conductivity would a lso be 0.03 B t u / h r - f t - F . 

Differential t he rma l expansion of the cladding and fuel is based 

on the average t empe ra tu r e of each . The var ia t ion with t empera tu re of the 

the rmal conductivity of both the fuel and the gas is taken into account . The 

thermal expansion of the oxide fuel is g r e a t e r than the claddings and the 

oxide pellet may expand to contact the cladding. A contact coefficient de­

fined as the t he rma l conductivity of the gap medium divided by the contact 

gap width (0.0002 inches) is used for heat t r ans fe r purposes when the pellet 

and clad a r e in contact . 

Exper imenta l verif ication of the foregoing methods of calculation 

was obtained from data for an exper imenta l p r o g r a m c a r r i e d out at Chalk 

River, Canada, with uran ium dioxide pellet s a m p l e s . A t e m p e r a t u r e which 

can be observed exper imental ly in the oxide is the melt ing t e m p e r a t u r e and 

the methods of calculat ion have been checked against those samples which 

exhibited some melt ing (determined by pos t - i r r ad ia t ion examination) . The 

radius of fuel melt ing in the pellet was calculated and compared with the 

measu red radius for a number of s a m p l e s . Calculated r e su l t s a re c o n s e r ­

vative by between 5 and 25%. 

Coolant conditions in the hot chemnel during power operat ion have 

only a smal l effect on the clad t e m p e r a t u r e as long as film boiling (burnout) 

does not occu r . This smal l clad t e m p e r a t u r e change has a negligible effect 
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on the maximum fuel t empe ra tu r e because of the large t empera tu re 

gradient in the fuel at high power . Fuel t empera tu re , therefore , is 

dependent only on the specific l ineal power in the fuel rod . The analyt i­

cal p rocedure for determining fuel t empera tu re predicts that the melting 

t empera tu re will be reached at a specific l ineal power output of 21.1 kw/f t 

during the f i rs t 50 days of operat ion (gap conductivity of 0.03 B t u / h r - f t - F ) . 

After 50 days, fuel melt ing will occur at 16.6 kw/f t (gap conductivity of 0.01 

B t u / h r - f t - F ) . 

After 50 days of operat ion, and with the mciximum power peaking 

factors for a cosine axial power distr ibution (total peaking factor = 3.3), 

a power level of 960 MWh (165% ra ted power) must be attained before any 

fuel naelting will occur in the hottest rod in the core (a l l peaking and appro­

pr ia te hot channel factors applied) . With the maximum power peak in the 

bottom of the core (total peaking factor = 4.2) , a power level of 780 MW 

(133% rated power) must be attained for fuel melting to occur . Saiety devices 

in the CETR preclude operat ion at these power levels; therefore , fuel 

melt ing in the CETR is prevented . 

Resul ts of cen t ra l t empe ra tu r e calculations for the two cases d i s ­

cussed above a re shown in F igure 8. The break in the curves occurs at the 

point where pellet and clad make contact . 

4 . Local Boiling 

A subcooled fluid can boil in contact with a heated surface under 

ce r ta in conditions of fluid t e m p e r a t u r e , surface t empera tu re , heat flux, 

and p r e s s u r e . The effects on core performance a r e small since the volume 

fraction of s team is smal l during local boiling. The react ivi ty effect is 

negligible, and the p r i m a r y effect on p r e s s u r e drop is a slightly increased 

friction loss . Flow distr ibut ion is slightly affected by the increased friction 

losses . 

The most important effect of local boiling is to maintain the t emp­

e ra tu re of a heated surface a few degrees above saturat ion t e m p e r a t u r e . Jens 
23 and L o t t e s — have fitted an equation to the experimental local boiling da ta . 

"^^sat - ^ppm ^^^' 

where AT is the t e m p e r a t u r e difference between saturat ion t empera tu re 

and the t empe ra tu r e of the heated surface, and P is p r e s s u r e (psi) . F igure 9 
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shows the hot channel clad surface t e m p e r a t u r e and the bulk coolaoit t e m p ­

e ra tu re plotted against chauinel length at a power level of 632 MWh (108% 

rated power) . The effect of local boiling on the clad surface t empe ra tu r e 

is i l lus t ra ted . 

5. Bulk Boiling 

Steam is formed if heat is added to a fluid after the fluid bulk 

t empera tu re reaches sa tura t ion t empe ra tu r e . The fluid t empera tu re r e ­

mains constant at saturat ion while the s team quality inc reases . 

The t empe ra tu r e of a heated surface in contact with the fluid 

remains constant seve ra l deg rees above sa tura t ion t empera tu re and is 

calculated with the Jens and Lot tes ' co r r e l a t i on . 

F igu re 9 is plotted for the power level (632 MWh, 108% rated 

power) at which bulk boiling begins in the hot channel . 
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III. TRANSIENT ANALYSIS -
LOSS OF FORCED COOLANT FLOW 

A. HYDRAULIC TRANSIENTS 

1. Genera l 

Phys ica l malfunctions may produce flow t rans ients and 

reductions in r eac to r coolant flow. These flow t rans ien ts may resul t 

from loss of e lec t r ica l power to operating pumps, or from mechanical 

failure of a single pump. 

The t rans ien t hydraul ic cha rac t e r i s t i c s of reac to r coolant 

flow great ly affect the heat t r ans fe r capabil i t ies of the reac tor c o r e . 

Since such interdependence exis ts , it is important to be able to 

predic t the behavior of the p r i m a r y sys tem flow during a t r ans ien t . 
24 An extension of the A r k e r - L e w i s naethod— of analysis is used to 

predic t p r i m a r y sys tem flow during hydraulic t rans ien ts . 

The analysis of hydraulic t rans ien ts is based on the law 

of conservat ion of energy . When p r i m a r y pumping power is lost 

or reduced, the kinetic energy of the sys tem is dissipated by losses 

in the fluid and rotat ing mach ine ry . It is possible to predict the 

ra te of energy loss and the consequent reduction in flow by con­

sidering the following factors . 

(a) Iner t ia of the fluid 

(b) Iner t ia of the rotating equipment 

(c) System p r e s s u r e drop 

(d) Pump head-capaci ty cha rac t e r i s t i c s 

(e) Pump motor windage and friction 

(f) Var ia t ion of coupling between pump and fluid 

(g) E l ec t r i ca l braking due to t rapped flux 

(h) Motor speed- torque c ha ra c t e r i s t i c s 

The summation of p r e s s u r e head t e r m s through the sys tem 

must equal ze ro and can be expressed by the following general equation: 

APj^j, + A P p - APj^ - A P ^ = 0 (40) 
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When the sys t em is operating at a steady state condition, the developed 

pump head (AP } is equal to the sunamation of the p r e s s u r e head losses 

(AP + AP ) and the summation of the p r e s s u r e head due to kinetic 

energy (AP ) over the ent i re loop is equal to ze ro . During a flow 

t rans ien t the pump head d e c r e a s e s and the kinetic energy of the fluid 

is converted to a p r e s s u r e head which helps overcome sys tem p r e s s u r e 

head l o s s e s . Each t e r m of the above equation can be evaluated m t e r m s 

of sys tem flow p a r a m e t e r s . 

The kinetic energy of the fluid at any t ime during a t rans ien t 

is expressed as follows: 

KE = 1/2 MV^ (41) 

where M = ~ = ^ ^ and V = ^ . (42) 
g S pA 

Summing up the loop: 

wf y L 
gp L ~^ 

Differentiating with respec t to t ime 

5 ^ = J . y L ^ 8w 
ot gp /_ A dt 

Equation 44 r e p r e s e n t s the power produce by the kinetic 

energy in the fluid. This power divided by the quantity (cu ft / sec) 

produces a p r e s s u r e head t e r m 

The developed pump head may be determined from the head 

capacity curves , li the pump speed is known, the head for a centrifugal 

pump may be expressed as follows: 

A P p = co^ f̂  1^] (46) 
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To evaluate the pump head during a t rans ient , it is also neces sa ry to 

consider the kinetic energy of the pump. Equation 46 shows A P _ is 

a function of the angular speed (w) of the rotating par t s . The kinetic 

energy of the fluids and the kinetic energy of the rotating components 

account for the ent i re kinetic energy of the sys t em. It is possible to 

evaluate the ra te of change of the pump speed by setting the summation 

of the kinetic energy, e lec t r i ca l , hydraul ic , and windage torques equal 

to zero. 

T K E + T ^ + ^ H + ^ W = °- ^̂ )̂ 

The kinetic energy torque is defined as 

K̂E = i Ip I f • <̂ «' 

The e lec t r i ca l torque may be wri t ten as 

T j , = C f ( a ) ) . (49) 

The hydraulic torque is defined as 

W Woof .-

^H = — ^ • < " ' 
J f . — f̂  w p 

The windage torque may be expressed as 

^ W = ĉo ^'^)'' • ^̂ )̂ 

The r eac to r p r e s s u r e drop ( AP ) can be expressed as a parabolic 

function. If the full flow conditions a r e known for a specific reac tor , 

the p r e s s u r e drop may be wr i t ten as 

AP 
"^^ " C ^ ^ (W^+ W 3 — - W . ) - (52) 

The loop p r e s s u r e drop (AP ) is the summation of the losses, in the 
L 

individual components of the loop such as valves and piping. These a re dete 

mined by conventional calculat ions and a r e not d iscussed in deta i l . 

The general equations have been expanded, expressed in 

t e r m s of the sys tem p a r a m e t e r s , and prograramed for the Datatron 

Model 204 Elec t roda ta compute r . The p r o g r a m can handle 18 loops 
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m para l le l and calculate the flow for various types of hydraulic tran­

sients . 

A complete loss of pumping power causes a rapid reduction 

in p r i m a r y sys tem flow. The p r i m a r y loop is a r ranged so natura l 

c i rculat ion forces resu l t from the difference in fluid density, and the 

sys tem begins na tura l c i rcula t ion at sonae t ime during the punap coas t -

down. This na tura l c i rcula t ion force is p resen t when all the pumps 

are in operat ion, but its magnitude is re la t ively insignificant. The 

pump head d e c r e a s e s and na tura l c i rcula t ion force becomes m o r e 

significant when a flow coastdown s t a r t s . At some point in the t r a n ­

sient, the c i rcula t ion becomes completely dependent upon density 

differentials . The method of calculat ing the natural c i rculat ion flow 

is p resen ted in the following pa rag raph . 

Natural c i rculat ion flow is density dependent, and it is 

nece s sa ry to analyze the loop thermodynamical ly during coastdown 

to determine tenapera tures at all points in the loop This is accom­

plished by dividing the loop into finite flow sections and maLking an 

energy balaxice for each of these sections . 

:53) 

-Q 

An energy balance may be wr i t ten using the above d iagram of a 

smal l flow sect ion. 

Vol. p - ^ + h Vol. - 3 X = Q + W h - W h (54) y y 9t y y ot x x z z ' 

It is possible to evaluate the energy balance in t e r m s of T , T , Vol . , 
=>' X y y 

W , cind t; using enthalpy and density as a function of t empe ra tu r e with 

appropr ia te lag t imes . An equation is wri t ten for each section of the 

loop with the data generated in the pump coastdown ana lys i s . These 

equations pred ic t t e m p e r a t u r e s and densi t ies in the loop as a function 

t ime o 
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A thermodynamic analys is of the pump coastdown t rans ien t 

indicates when the densi ty differential at tains sufficient naagnitude to 

be of in te res t . After th is , na tura l circulation begins and the flow b e -

conaes l e s s dependent upon the conversion of kinetic energy and more 

dependent upon s ta t ic head. The combined analysis is continued until 

the kinetic energy ternas become insignificant and the flow may be 

calculated ent i re ly by conventional na tura l circulation methods. 

2. Resul ts 

The hydraulic t r ans ien t s for the CETR prinaary sys tem 

have been analyzed by the methods descr ibed in the previous p a r a ­

graphs for a pa r t i a l loss of pumps and for a total loss of pumps. The 

flow t rans ien t s for two cases of a pa r t i a l loss of punaps a r e graphically 

i l lus t ra ted in F igu re s 10 and 11. The flow t rans ien ts for two cases 

for the total loss of pumping power a r e shown in F igures 12 and 13. 

Natural circulat ion forces become significant when the flow has de ­

c reased to about 30% of ra ted flow at 585 MWh. 

Flows in the hot channel a r e calculated with methods 

exactly the same as those ^sed for the average channel. Hot channel 

t he rma l cha rac t e r i s t i c s a r e applied in the natural circulation cal ­

culation. 

The hot channel flow is l e s s than the average channel flow 

for the f i rs t seven seconds due to two phase flow p r e s s u r e drop. 

After seven seconds, the hot channel flow becomes g rea te r than the 

average channel flow as the s tat ic head i n c r e a s e s . After eight 

seconds, na tura l c i rculat ion controls the flow ra te which dec reases 

slowly as the decay heat generat ion d e c r e a s e s . 

B. THERMAL TRANSIENTS 

1. General 

The possibi l i ty of exceeding the steady state design l imits 

for burnout exis ts during the loss of coolant flow incident. Therefore, 

the possibi l i ty of fuel element damage caused by the t ransi t ion frona 

nucleate to film boiling at sonae t ime during the t rans ien t has been 

invest igated. 
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T e m p e r a t u r e dis tr ibut ion within the fuel rod as a function 

of tinae is obtained by the numer ica l solution of the t rans ien t heat 

conduction equation. 

k(T) 9 T ( r , t ) 

Br' 

+ 1 9 T ( r , t ) 
r 9r + S ( r , t ) = pC, 9 T ( r , t ) 

8t 

Equation 55 is solved for the th ree regions consist ing of fuel, gap, and 

clad, with the boundary condition at the outside surface of the clad ex­

p r e s s e d as 

9T 
ar surface ^(t) surface coolant 

= 0 . (56) 

A numerica l solution of the above equations, p rog rammed for a digital 

computer , is used for the analysis The geometr ica l model is s imi l a r 

to that used for steady state analyses . A fuel pellet is assumed to be 

centra l ly located within the cladding with a uniform gap between the 

two. The gap is filled with a mix ture of the f ission gases , xenon 

and krypton. As the t e m p e r a t u r e s within the fuel rod inc rease , the 

fuel pellet expands toward the cladding until a minimum gap of 0.0002 

inches is reached . At this point the gap conductivity is r ep re sen ted 

by a contact coefficient which is defined as the conductivity of the 

gap medium divided by the min imum gap. 

Inputs for the equations include heating ra te within the 

fuel, coolant bulk t e m p e r a t u r e , coolant sa tura t ion t e m p e r a t u r e , and 

film heat t r ans fe r coefficient all as functions of t ime The onset of 

local boiling is automatical ly calculated and the appropr ia te heat 

t r ans fe r coefficient is subst i tuted for the input va lue . 

Calculated resu l t s of this analysis include surface 

heat flux, clad surface t e m p e r a t u r e , and fuel cen t ra l t e m p e r a t u r e ; 

all as functions of t ime . The resu l t s for the hot channel a re of 

g rea tes t in te res t since the probabil i ty of fai lure is g rea tes t in 

this channel. 

2. P a r t i a l Loss of F o r c e d Coolant Flow 

A detailed t he rma l analysis of the par t ia l loss of flow t r a n ­

sient was not deemed n e c e s s a r y because of the protect ion aiforded by 

the flux flow compute r . This unit es tabl i shes a s c r a m level for each 

par t ia l flow condition. Deternaination of the flow condition is based 
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on signals received f rom each pump motor power supply to 

indicate loss of that pump. 

The r e sponse t ime of the flux flow computer is about 

0. 15 sec . It can be seen f rom F igu re s 10 and 11 that this t ime 

is short compared to the loop flow coastdown t ime for pump 

shutdown. Because of this quick response , the computer an­

t ic ipates the flow coastdown and, if necessa ry , causes a s c r a m 

before the coolant flow is reduced by an amount sufficient to 

cause core damage. 

3. Total Loss of Fo rced Coolant Flow 

The total loss of pumping power incident has been 

analyzed for the maximum and minimum initial flow conditions. 

In each case the r eac to r is assumed to be operating at the rated 

power level for that flow, and it is assumed to be sc rammed as a 

resul t of the total loss of pump power. 

A 350-mil l isecond s c r a m delay t ime is assumed for the 

t ime from loss of pow^er until control rod motion begins. (The 

actual s c r a m delay t ime is predic ted to be 150 mil l i seconds . ) 

After the r eac to r is s c rammed , na tura l circulation continues to 

cool <"he core and remove decay heat. Heat t r ans fe r coefficients 

as a function of t ime a r e calculated from flow ra tes given in 

F igu re s 12 and 13. Heat generat ion r a t e s as functions of t ime a r e 

given in F igure 14, 

In F igu re 16, the heat flux at the hottest point in the 

core is compared with the naaximum design heat flux as a function 

of t ime for a loss of eight pumps. The rat io of maximum design heat 

flux to surface heat flux is a min imum of 1.9. F igure 18 presen ts 

the same information for a loss of flow when only two punaps a r e 

operating init ially. The ra t io of the maximum design heat flux 

to surface heat flux is a min imum of 4. 4. It is concluded from 

these analyses that loss of all forced coolant flow from either 

maxinaum or min imum init ial flow conditions will not cause core 

damage. Since the ra ted operating power levels for initial flow 

conditions other than maxinaum and minimum a r e established on 

the same bas i s , .a complete loss of forced coolant flow from 

any in te rmedia te condition can a lso be tolerated without r i sk of 
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core damage. 

A sequential loss of pumps (loss of two or th ree groups 

of pumps in se r i e s ) naay resu l t in operation above the rated power 

level for an in te rmedia te flow condition at the t ime that power to all 

remaining punaps is lost . The flux-flow computer provides a s c r a m 

level signal for al l combinations of pumps operat ing. If the reac tor 

power exceeds these sett ings at any tinae during a sequential pump 

loss the r eac to r is shut down even before additional flow loss in 

the sequence. Thus, the wors t possible c i rcumstance is loss of 

all forced flow when the r eac to r is operating at the scrana level 

for any flow condition. Loss of flow conditions have been analyzed 

with the r eac to r operating at the s c r a m level to evaluate the potential 

danger f rom this cause . (Other assumptions a r e the same as those 

in the case wi^h initial operation at ra ted power. ) F igu re s 15 and 

17 p resen t the heat flux compar isons for these cases . 

The naaximum design heat flux corre la t ion used to calculate 

the maximum design heat flux curves (equation 37) in F igures 15 

through 18 is a steady state corre la t ion and is subject to sonae un­

cer ta in t ies for t rans ien t conditions. As a check, the wors t cases , 

F jgures 15 and 17 were a lso analyzed assuming that film boiling 
2 25 (h -100 Btu/hr~ft -F) s t a r t s at one second. The resul t ing maximuna 

clad t e m p e r a t u r e s shown in F igu re s 19 and 20 a r e not high enough 

to cause damage. Since s c r a m levels at in te rmedia te flow conditions 

a r e establ ished on the sanae bas i s , no damage will occur from s imi la r 

c i rcumstances at the jnternaediate flow^ condtions, and the reac tor 

is protected f rom damage caused by any sequential loss of pumps. 
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TABLE VII 

NOMENCLATURE 

Area (sq ft) 

Constants 

Two-phase friction correc t ion factor, constant 

Heat capacity 

Colburn equation safety factor 

Equivalent hydraulic d iameter (ft) 

Energy loss due to friction 

Safety factor in burnout corre la t ion 

Mass velocity (Ib/sq ft-hr) 

Multiplier for two-phase expansion and contraction 

Rotational iner t ia of pump naoving pa r t s (Ib-sq ft) 

Coefficient of thermal conductivity (Btu/hr-f t - F) 

Contraction loss coefficient 

Orifice d ischarge coefficient 

Expansion loss coefficient 

Constant for windage and friction torque 

Length (ft) 

P r e s s u r e (Ib/sq ft) 

Prandt l No. 

Reynolds No. 

Heating ra te (B tu /h r - sq ft) 

Tempera tu re a s a function of radius and time 
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TABLE VII (CONT'D) 

Fluid bulk t empera tu re ( F) 

Coolant inlet t empera tu re ( F) 

Hydraulic torque (ft-lb) 

Torque due to kinetic energy of fluid (ft-lb) 

Clad surface t empera tu re ( F) 

Coolant sa turat ion t empera tu re ( F) 

Windage and friction torque (ft-lb) 

Velocity (ft /sec) 

Average fluid velocity (ft/sec) 

Average vapor velocity (ft/sec) 

Relative s team water velocity (ft /sec) 

Weight flow rate (Ib/hr) 

Steam quality 

Distance along heated channel 

Height (ft) 

P r e s s u r e change due to acce le ra t ion of fluid ( Ib /sq ft) 

P r e s s u r e change due to contract ion ( Ib/sq ft) 

P r e s s u r e change due to expansion ( Ib /sq ft) 

P r e s s u r e change due to friction (Ib/sq ft) 

P r e s s u r e change due to fluid head (Ib/sq ft) 

P r e s s u r e drop external to r eac to r ( Ib /sq ft) 

Developed punap p r e s s u r e head (Ib/sq ft) 

P r e s s u r e drop through reac to r (Ib/sq ft) 

T e m p e r a t u r e drop by Jens and Lottes cor re la t ion ( F) 
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TABLE VII (CONT'D) 

a, b, c - P r e s s u r e dependent constants in relat ive velocity 

cor re la t ion 

f - Moody friction factor 

f, ( ) F^ ( ) - Functions 
i D 

f,, - L o c a l bo i l ing f r i c t i o n f ac to r 
f p - T w o - p h a s e flow f r i c t i o n f ac to r 

2 

g - G r a v i t a t i o n a l c o n s t a n t ( f t / s e c ) 

h - F i l m h e a t t r a n s f e r coeff ic ient ( B t u / h r - s q ft- F) 

h . - Coo lan t en tha lpy ( B t u / l b ) 

j - N u m b e r of p u m p s p e r loop 

q" ' - V o l u m e t r i c h e a t g e n e r a t i o n r a t e ( B t u / c u f t - h r ) 

q" - Su r f ace h e a t flux ( B t u / h r - s q ft) 

q " „ j-> - M a x i m u m d e s i g n h e a t flux ( B t u / h r - s q ft) 

r - R a d i u s of fuel rod (ft) 

t - T i m e 

v - Speci f ic v o l u m e (cu f t / lb ) 

'^ - S t e a m v o l u m e f r a c t i o n 

€. - Su r f ace r o u g h n e s s ( m i c r o i n c h e s ) 

n - C o n s t a n t s for c a l c u l a t i o n of fr^p-p 

p - D e n s i t y ( I b / c u ft) 

p£ - Dens i t y of l iqu id p h a s e ( I b / c u ft) 

p - D e n s i t y of v a p o r p h a s e ( Ib / cu ft) 

tr - Ra t io of flow a r e a s 

(4* / 4*)A - Ax ia l p e a k to a v e r a g e p o w e r 

( ( } ) / ( ) > ) „ - R a d i a l p e a k to a v e r a g e p o w e r 

w - A n g u l a r v e l o c i t y of p u m p r o t o r ( r a d / s e c ) 

p, V, f, e t c . - I n d i c a t e s u s e of a v e r a g e v a l u e s 
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F I G . 1: R E L A T I V E V E L O C I T Y O F STEAM IN S T E A M - W A T E R MIXTURE 
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FIG. 2: COMPARISON OF CALCULATION METHOD WITH EXPERIMENTAL DATA 

T 
= DATA FROM REFERENCE 11 

® = CALCULATED 

t 
CONDITIONS: 

HEAT FLUX = 245,000 B t u / h r - f t ' 
PRESSURE = 1000 psia 
INLET TEMPERATURE = 411°F 
TUBE I . D . = 0 .174" 

3 4 

Inlet Velocity, f t / s e c 



FIG. 3: CETR PRESSURE MAP 
(Based on Fuel Element Flow Test) 

Identification of Flow Pa ths 

O through fuel e l ements 
• between fuel e l ements 
A through control rod guide tubes 

Relative P r e s s u r e , psi 
(excluding s tat ic head) 

through t h e r m a l shields 
between core shroud and 
inner thernaal shield 

@ denotes orifice location 
• denotes nnixing or separa t ion 



F I G . 4: ORIFICE LOCATIONS FOR CETR CORE 



FIG. 5: COMPARISON OF BURNOUT CORRELATIONS 
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FIG. 6: BURNOUT ANALYSIS 
(RATED POWER 585 MW) 
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FIG. 7: BURNOUT ANALYSIS 
(143% RATED POWER 837 MW) 
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FIG. 8: FUEL CENTRAL TEMPERATURE CETR FUEL ELEMENT 
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F I G . 9: E F F E C T O F L O C A L BOILING ON CLAD S U R F A C E T E M P E R A T U R E 
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FIG. 11: PARTIAL LOSS OF FLOW 
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F I G . 12: F L O W COASTDOWN DUE TO LOSS O F P U M P I N G P O W E R 

100 

3 

80 

o 
1̂  60 

S 40 
u 

ft 

20 



FIG. 13: FLOW COASTDOWN DUE TO LOSS OF PUMPING POWER 
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F I G . 14: P O W E R L E V E L DURING F L O W COASTDOWN 
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FIG. 15: LOSS OF FORCED COOLANT FLOW INCIDENT 
(100% RATED FLOW, 120% RATED POWER) 
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FIG. 16: LOSS OF FORCED COOLANT FLOW INCIDENT 
(100% RATED FLOW, 100 % RATED POWER) 
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FIG. 17: LOSS OF FORCED COOLANT FLOW INCIDENT 
(35 .8% RATED FLOW, 39% RATED POWER) 
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18: LOSS OF FORCED COOLANT FLOW INCIDENT 
(35 . 8% RATED FLOW, 32 . 5% RATED POWER) 
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FIG. 19: LOSS OF FORCED COOLANT FLOW INCIDENT 
(FUEL ELEMENT TEMPERATURE, 100% RATED FLOW) 
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FIG. 20: LOSS OF FORCED COOLANT FLOW INCIDENT 
(FUEL ELEMENT TEMPERATURE, 35.8% RATED FLOW) 
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