
I 
I 

I 
3 4 4 5 b  0352783 2 , 

c 

A PRELIMINARY INVESTIGATION 

1 .  

OAK RIDGE NATIONAL LABORATORY 
- -  

CARBIDE AND CARBON CHEMICALS COMPANY 
A DIVISION OF UNION CARBIDE A N D  CARI)ON CORPORATION 

m 
POST OFFICE BOX P 

OAK RIDGE. TENNESSEE 



. 

e 
n 

ORNL 1062 

This document consists of 
pages. COPY -, 7 of 154 

Series A 

Contract No. W-7504, m g  26 

React or Ekperimerrt a1 Engineering Division 

BOILING REACTORS: A PRELpfINARY INVESTIGATION 

J. MI Stein 

P.  R. Kastm 

Date Issued 

NOV 23 1951 

OAK RIDGE NATIONAL LABORATORY 
Operated by 

CARBIDE AND CARBON CHEMICALS COMPANY 
A Division of Union Carbide and Carbon Corporation 

Post Office Boix P 



ORNL 1062 
REACTORS 

INTERNAL DISTRIBUTION 

26. F. L. Steahly 
27, A. H e  Sne l l  
28. A. Hollaender 
29. G o  H. Clewett 
30. M, T. Kelley 
31, K, 2. Morgan 

ary 32, J. S1 Felton 
33. A. S. Householder 

. De S. Bil l ing ton  . D. W e  Cardwell 

l4. C. E. Center 
15. C, E, Larson 
16. W e  Be Hums (K-25) 
17. W, D. Lavers (Y-U) 
18. A. Me Weinberg 
19. E, Ho Taylor 
20, E, D. Shipley 
21. C. E, Winters 
22. F, C o  VonderLage 
23. Re C, Briant 
24, J. A *  Swartout 
25. S, C p  Lind 

. 
63-65 0 

66-75 0 

77-84 0 

85 * 
86-88 e 

89 0 

90-95 
96 0 

97 

103. 

a 76 

98-102 

46e H. F. Poppendiek 
47. S, E. Beall 
48, We M, Breazealle 
49. J, P, Gill 
50. Princeton University 

(E. P ,  Wigner) 
51. P. c. z m 0 1 ~  
52..R. E. Aven 
53. R. J. Goldstein 
54, Re F. Larson 
55. P, R. Kasten 
56. T. A. Welton 
57. G o  T, Tramell 
58, Lo C I  Biedenharn 
59. H, T, Williams 
60. J, D, Roarty 
61. W, So Brown 
62, Westin house E l e c t r i c  

Corp, f J, M, Ste in)  

Ai rcraf t  Nuclear Propulsion Pro jec t  
A r g m e  National Laboratory 
Armed Forces S, W, Pro jec t  (Sandia) 
A. E, C., Washington 
Bat t e l l e  Memorial I n s t i t  u t  e 
Brookhaven National Laboratory 
Bureau of Ships 

Chicago Patent Group 
Chief of Naval Research 
du Pont company 
H o  K, Ferguson Company 

C. & C, Co C o  (Y-12 Area) 

104-107. G o  E. Company, Richland 

lO9-lUo Idaho Operations .Office 
108. Hanford Operations Office 

c Power Laboratorg 

327-128. North American A 
129. Patent  Branch,Wa 
130. Savannah River %er 

-v 
%4* 

133-136, Westinghouse E lec t r i c  Corporawon 
137-139. Wright Air Development Center ’ ” ’% 

l40-154. Technical Information Service, 

131-132. up c. B, L. 

oak Ridge 

ii 



8 

J 

. 



LIST OF TABLES -- 

Table I - Thermodynamic Relat ions f o r  t h e  System Considered -------------- 14 

LIST OF FIGURES -- 

Figure 1 - Schematic D i a g r a m  of a Boiling-Type Reactor ------------------- 3 

Figure 2 - Enthalpy of Vapor i n  Reactor Fluid vs. Fluid Density ---------- 17 

Figure 4 - P l o t  of Vapor Fract ion vs. Equilibrium Pressure --------------- 19 

Figure 5 - Solut ion Reac t iv i ty  vs. Fluid  Density, f o r  k,, 3 1.06 --------- 21 

i n  System f o r  Constant Rate of k Input.; = T P  d k 0 ----- 29 

I n p t ;  Based on Figure 6a --------------- 29 

Figure 6a - Graph of Equation (26), Power Ratio, 

Figure 6b - Variation of Fluid Density with t h e  Power Ratio, f o r  

, vs, Excess k 

Constant Rate of k 

Figure 6c - Variat ion of Fluid Density vs.  Time W i n g  which Solut ion 
React ivi ty ,  k, is Increased; B a w d  on Figare 6a ------------- 30 

- i V -  



35 
Figure 9a - P l o t  of Fluid Density vs. Time for  C = 0, Based 

on Figures 7 and 8a .......................................... 

Figure l l c  - P l o t  of Fluid lterisity vs. Time, Based on Figure l l a  --------- 41 

Figure 12a - P l o t  of Power Ratio, Cl" , vs,  Exceas React ivi ty ,  u, f o r  
Continuously Increasing k and Various A k, Considering 
Delayed Neutron Effects," = 0, C I O.OO22%5 ---------------- 44 

A k, ,8 = 0.005, T' I 0, Based on Figure 12a --------- 45 

Increases  Linearly,  Based on Figure 12a - - - - - - - - - - - - - - -=-----  45 

Figure 12b - Power Ratio vs. Time f o r  Continuous Increase i n  k, 
Various 

Figure 12c - P l o t  of Fluid Density vs. Time During which k 

Figure 14a - P l o t  of Power Ratio,  c, vs. Prompt Excess React ivi ty ,  u,  
f o r  = 0.00406, 7 = 0.01, C = 0,002215 and 0, and a 
Delayed Neutron Group w i t h  h = 0.154 ........................ 50 

Figure 14b - P l o t  of Power Rat io  vs.. Tiae Based on Figure 14a ------,----- 50 

Figure 15 - Plot of Power Ratio vs. Prompt Excess React iv i ty  f o r  
a k e 0,0043036, p = 

f: = 0 ,  p = 0,00&)6,* I 0.01 ___--_____-I__------_________p__ 54 

- 0 and = 0.00b06, T = 0.01 ------- 51 
Figure 16 - Power Rat io  v s ,  Prompt Excess React ivi ty  f o r  0 k I 0.0088, 

- V- 



Y 

Kinet ic  equations have been developed fgr a boiling-type reactor mu 

inherent  r eac to r  s t k b i l i t y  studies have been r o d e  on t h e  basis of these e q i . ~ -  

tions. 

negatively damped by bubble delay times but critically Omfiped by t he  delayed 

neutron effect. Tte over -a l l  r e s u l t  is a highly  dmped oscillation fa- i n s t m -  

ts.neL,us r e a c t i v i t y  chmges of about 9.OCQ and delay times of the order of 

3-01 second. 

c i r c u l a t i n g  types, the "boiler" apEeasing q u i t s  a t t r e t L t L  v 2 if i:lvestfgattlons 

of bubble-rise ve loc i t i e s ,  effects of trtlnsieat conditions af v q m r  Easa i n  

steam chest, and bu1)bl.e time delay functions yield favorable r e s u l t s ,  

Solut ion r e a c t i v i t y  changes cause nuclear power oscillatibns which are 

Features of the p o 2 o r e d  reactor are presented and compare" with 

. 
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INTRODUCTION 

c 
Homogeneous-type reac tors  have aroused considerable i n t e r e s t  concern- 

ing t h e i r  use fo r  t h e  production of usable power and f i ss ionable  material as 

evidenced by f e a s i b i l i t y  s tud ies  ( l )  ( 2 )  and experiments leading toward a power 

producing homogeneous reac tor  ( 3 ) .  

homogeneous r eac to r s  discussed t o  any degree have d e a l t  with c i r cu la t ing  types,  

While boiling-type reac tors  have been treated conversationally,  no e x p l i c i t  

evidence concerning t h e i r  s t a b i l i t y  has been noted. 

type may promise a minimum of associated equipment, compactness i n  sh i e ld  

design, and lowered maintenance hazards, s tud ies  should be undertaken t o  

evaluate i t s  worth. 

questions concerning s t a b i l i t y  and f e a s i b i l i t y  of such a reac tor .  

repor t  on a bo i l ing  slurry-type reac tor  has been issued (4) which presents  a 

number of d e t a i l s  not covered here, and a l s o  another viewpoint as t o  t he  oper- 

a t i n g  cycle.  

Although not restricted t o  a c e r t a i n  type, 

Because a reac tor  of t h i s  

T h i s  repor t  presents  and attempts t o  answer some of t he  

Recently, a 

In  the  boiling-type homogeneous reac tor  envisioned (see  Figure l), t h e  

heat of t h e  f i s s i o n  reac t ion  vaporizes t h e  l i q u i d  within the  reac tor  l iqu id ,  t h e  

generated steam r i s i n g  through t h e  l i q u i d  and vapor spaces and then condensed 

by heat exchangers. 

l iqu id ,  t h e  e f f ec t ive  dr iv ing  force  f o r  t r ans fe r  i s  higher than f o r  l i q u i d  

t o  l i qu id  heat exchange under appropriately similar conditions. 

t r ans fe r  coef f ic ien t  i n  t h e  lat ter case increases  with l i qu id  veloci ty ,  p rac t i -  

c a l  a t t a inab le  ve loc i t i e s  l i m i t  t he  coef f ic ien t  so the ne t  r e s u l t  i s  a 

smaller s i z e  heat exchanger when the  condensation cycle i s  employed. 

advantage can be increased i f  dropwise condensation will occur using organic 

Since heat is  t ransfer red  by a condensing vapor t o  a 

Although the  

This 
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Figure 1 

Schematic Diagram of Boiling-Type Reactor 
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addi t ives  as promotors. 

duces erosion problems as compared w i t h  heat t r ans fe r  by a rapidly moving 

hot l iqu id .  

Heat t r ans fe r  by condensation of a vapor also re- 

Another physico-mechanical advantage involves the  p o s s i b i l i t y  of 

using na tura l  convection within the reac tor  f l u i d  t o  remove t h e  generated 

steam bubbles from t h e  core,  

less than t h a t  of c i rculat ing-type reac tors ,  and is  a t t a ined  without trouble- 

some pump and piping equipment. 

as would be the  out lay of equipment necessary ins ide  t h e  rad ia t ion  shield,  

thus promoting a compact shield w i t h  minimized rad ia t ion  hazards t o  maintenance 

personnel. 

f e c t  of the steam chest,  tending toward thermodynamic equilibrium between tem- 

pera ture  and pressure ins ide  the  reactor .  

sure relief by vapor condensation, and hence aid i n  smooth operation of the  

reac tor .  

I n  t h i s  way the  pumping power i s  subs t an t i a l ly  

Maintenance problems would thus  be reduced, 

A bo i l ing  system i s  a l s o  desirable because of t he  pressur izer  ef- 

This re la t ionship  would give pres- 

Since some of the r e a c t i v i t y  poisons r e su l t i ng  from the  f i s s i o n  re- 

ac t ion  are gases having low aqueous s o l u b i l i t i e s ,  a boiling-type reac tor  af- 

fords  an inherent method f o r  t he i r  removal from the  reac t ion  zone. Also, i n  

any homogeneous reac tor  employing water o r  heavy water as the  reac tor  moderator 

and medium, decompasition gases will be formed by t h e  ac t ion  of the f i s s i o n  pro- 

ducts upon the moderator. 

i n  t he  "boi ler"  other  than those associated wi th  t h e i r  constant removal from the  

These gases create no explosion o r  r e a c t i v i t y  problems 

steam chest, s ince the  r e l a t i v e  gas 

the vapor would be qui te  small, t he  

the explosion l i m i t  of e l e c t r o l y t i c  

generation rate with respect t o  t h a t  of 

proportion of gas t o  v&por being w e l l  within 

gas-steam mixtures However, t h e  heat 
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exchanger tubes would a c t  as a steam f i l ter ,  condensing t h e  vapors passing up- 

ward, leaving a gas-vapor mixture r e l a t i v e l y  r i c h  i n  e lec t ro ly t ic -gas  above t h e  

exchanger. It seems reasonable t h a t  t h i s  gas mixture could be burned or  cata- 

l y t i c a l l y  recombined i n  t h e  volume above t h e  exchanger, with l i t t l e  danger of 

flashback because of t h e  quenching ac t ion  of the steam as t h e  burning progressed 

downward. Alternat ively,  t h e  heat exchanger within t h e  reac tor  could be a p a r t i a l  

condenser, t h e  r e s u l t i n g  steam-gas mixture led t o  a t o t a l  condenser after which 

flame recombination of the  gases i s  accomplished. Thus, i f  small order explosions 

occur i n  t h e  recombiner, only a f r a c t i o n  of t h e i r  e f f e c t  is  t ransmit ted t o  t h e  

reac tor .  

POWER OUTPUT - 
To achieve l a r g e  blocks of power from boiling-type reactors ,  reason- 

able s p e c i f i c  power is  desired.  

volume it i s  necessary t h a t  vapor be generated within t h e  main body of l i q u i d  

and removed Prom it at  t h e  required rate. 

To obtain such desired power per  u n i t  f l u i d  

Since na tura l  r ise rates of gases 

i n  water are of t h e  order of one foot  per second r e l a t i v e  t o  t h e  l iqu id ,  l a rge  

power reac tors  would have t o  be b u i l t  as shelves of l iqu id ,  or  suDerimposed 

upon t h e  naturalbubble r ise rate must be some hi& na tura l  or  forced l i q u i d  

c i r c u l a t i o n  rate. A s  i l l u s t r a t e d  i n  Figure 1, some type of baffle arrange- 

ment above t h e  l i q u i d  surface could be employed so  condensate would en ter  the 

reac tor  l i q u i d  so as t o  aid t h e  c i rcu la t ion .  

entrainment separators.  

obtaining t h e  desired na tura l  c i r c u l a t i o n  rates, and na tura l  o r  low enrichment 

uranium usage designates l a r g e  reac tor  sizes. 

neutron f l u x  would b e  so d i s t r i b u t e d  t h a t  the m j o r  proportion of bubbles 

These baffles could a l s o  act as 

Large sized reac tors  would a l s o  be advantageous i n  

Under such conditions t h e  
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would be generated i n  t h e  c e n t r a l  regions of t h e  core,  e s t ab l i sh ing  consider- 

able dens i ty  gradients  which would aid c i r cu la t ion ,  

quired would depend upon t h e  physical geometry des i red ,  temperature of  oper- 

a t ion ,  moderator employed, t he  enrichment of t h e  uranium, vapor holdup, and 

The reac tor  volume r e -  

physical  and mechanical l imi t a t ions .  

employing na tura l  uranium as tht fissile n a t e r i a l  i s  such t h a t  thermal stresses 

It may be t h a t  t h e  s i z e  of a reac tor  

involved d i c t a t e  the construct ion of a s h e l l  of uneconomical design, invol  vine :  

f ab r i ca t ion  d i f f i c u l t i e s .  If conpactness were desired,  a highly enriched core 

mater ia l  would be required,  

Vapor holdu? i n  a bo i l ing  reac tor  may increase t h e . s i z e  apprecizbly 

over t h a t  required i n  a comparable c i rculat ing-type reac tor ,  t he  f r a c t i o n  of 

vapor holdup i n  the reactor depending upon the  operat ing power, t h e  spec i f i c  

power and t.he absolute  velocit,y of t h e  vapor bubbles. To 111-ustrate the i n t e r -  

dependence of the vapor f r ac t ion ,  t he  specif ic  power and the riFJso1ut”e bubble-  

rise rzlocity,  considcr a reactor operat ing at P kw. Let,t inr;  

= heat  of vaporization of l i qu id ,  B t u / l b c  hfg 

,De = dens i ty  of vapor, Ib/cu. f t .  

tt.1. r : ~ b i c  f e e t  pel- second of vapor fcrmed would be 

-6- 



‘ . v - volume f r a c t i o n  of vapor i n  reactor  proper 5 -  

V, = volume o f  reactor  f l u i d ,  cu. f t ,  

zaVe = ftverage time fo r  a steam bubble t o  en ter  steam chest,  
meEtsured from i t s  formation. 

Equating the  &owe expressions and defining ;d: as t h e  average dis tance a bubble 

has +o trave1 i n  escaping from the reactor  f l u i d  zone, the  average bubble velocity 

required would be 

If t*he bubble o r i g i n a l l y  starts a t  zero veloci ty  and accelerates  uniformly, t h e  

average termnal  veloci ty  required would be 2Te 

I since R,  hfg, and ,,Dg a r e  s u b s t m t i a l l y  constant, Equation ( 3 )  il- 

l i ~ s t ~  ..tes t -he  interdependenbe of spec i f ic  power, bubble velocity,  and vapor 

I iolZq- .  w i t h  P ’V vsrying directly as t h e  product vg”. 

CJ:E?C i P i c  pove, , inzreasing t h e  vapor holdup lowers t,he required bubble-rise 

Thus, a t  any given 

rq”- & -  :ityu 

‘ 1 - - %  can >e fcui?d anly b y  exg~rirnentation, 

Corresponding v a l ~ e s  of the  above variables under operating con- 

THE CONTROL PROBLEM - 

I n  m y  h3mogeaeous yeactor ,  it i s  desirable  t o  have the  control 

mechanism as an inherent proper ty  of t h e  system, requir ing no extraneous con- 

.trc?Y- rods with  their associated instrumentation, It i s  a lso conceivable that 

this be necessary, s ince  a large change i n  t h e  r e a c t i v i t y  may occur so  rapidly 

-7- 



as to render mechanical contl-ola useless, Fortunately, it appears that in 

. aqueous homogeneous-type reactors the moderator density varies sufficiently 

with reactivity change so as to be an inherent control. In circulating types 

this is to be accomplished by operation under conditions such that the density 

change with temperature is of the proper magnitude. 

change of density would be accomplished mainly by varying the volume of the 

vapor phase of the reactor medium. 

bubble production rate and thus the density of the solution, leading to new 

In the boiling-type, the. 

Here any reactivity change would vary the 

equilibrium conditions. Hence the variation of the bubble holdup would act as 

an automatie control toward solution reactivity changes. 

In the above it was tacitly assumed that no time Lag exists between 

Such a delay nuclear power generation and vapor bubble formation and growth. 

would result in an increase in generated nuclear power with reactivity in- 

crease, without any instantaneous corresponding bubble density change, which 

would be detrimental to automatic control, Thus for long bubble delay times, 

the nuclear power may increase to such a level that the eventual density 

changes would cause excessive pressure inside the vessel, or a low order 

atomic explosion may result. A s  the pressure is increased within the,reactor, 

relief by vapor condensation would occur, but the extent of this relief at 

any time depends upon the rate of condensation versus pressure increase rate, 

Such information is very meager, and experimental datg. on such phenomena are 

required, particularly for large pressure increases in small time intervals. 

Aiding reactor stability are the delayed neutron emitters which serve 

two functions, namely: (1) they keep sudden reactivity changes from being 

-8- 
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In order to be more direct, and ob te in  an i n s i g h t  i n t o  whr,r.t t m  

operating stability of a boiling-type reactor might be, a specific problem 

will be considered throughout the remainder of this report. 

what fuel solution to use in homogeneous reactors is of some concern, since 

not all solutions of various uranium salts are stable in the desired range of 

reactor operation, and consideration must be given to neutron economy and 

corrosion problems involved. 

consists of a mixture of D20-U02S04 operating at 250' C and 1000 psia 

This system was considered in studies of large scale reactors, producing 

10 

Hence onsider the problem: 

The question of 

One of the likely homogeneous reactor systems 

0) ( 5 ) .  

6 kw of heat energy, with low enrichment uranium as the fissile material,. 

A bare, homogeneous boiling-type thermal reactor operating at 250' C 

I s  +G produce LO6 kw of heat energy, the reactor fluid volume being 10 per 

cL:n+ vapor under steady-state conditions. 

ard natural uranium the fissile material. 

if 3n effect is introduced so as to increase the effective material multi-. 

plication constant of the reactor fluid? 

D20 will be the moderator-solvent, 

What will occur within the system 

Generalized considerations of all factors involved in the above problem 

lead to unknown quantities and mathematical complexities difficult to analyze; 

hence, in this study it is assumed that the rate of product heat removal from 

-9- 



. 
t h e  reactor  i s  constant,  t h a t  t h e  required bubble esca_ne rate i s  a t ta inable ,  and 

t h a t  the mass of vapor i n  the  steam chest remains constant.  

sidered as having the  thermodynamic propert ies  of ordinary water. 

Also, D20 i s  con- 

According t o  Noderer and Lansing ( 6 ) ,  t h e  c r i t i c a l  rad ius  of a bare  

spherical  reac tor  using na tura l  uranium (7  I 1.350) as V02S04 i n  a 250' C 

D20 solut ion i s  14.4 feet with t h e  c r i t i c a l  mult ipl icat ion constant being 

1.06. 

consider 

To f i n d  the  c r i t i c a l  radius  when 0.1 of t h e  reac tor  volume i s  vapor, 

(4) kc = 1 + B M  2 2  

2 where B2 is t h e  so-called buckling f a c t o r ,  and M 

fair  approximation, Id2 = where p i s  the reactor  f l u i d  density,  and 

f o r  a sphere, B2 = (jf /R)* where R i s  t h e  sphere radius .  Thus, f o r  kc t o  

remain constant, i3p nust s tay  the  same. 

sphere radius  i s  aLou+; 16 f e e t .  

required; i . e . ,  under steady-state operation, the  reactor  volume, Vr, i s  

17,120 cu. ft . ,  which includes t h e  vapor volme,  Vg = 1712 cu. f t .  

t h e  migration area.  A s  a 

Hence, f o r  vg = 0.1, t h e  c r i t i c a l  

T h i s  gives an ins ight  i n t o  t h e  s ize  of  reac tor  

A cylindrical shaped reactor  appears 

Under t h i s  design for a boiling-type reac tor .  

where L i s  the  height of the cylinder and R i s  

t o  be a p a c t i c a l  s t a r t i n g  

condition 

i ts  radius .  Let t ing m be  the  

mass of t h e  reactor  f l u i d , P z  m/V,, and with V r ( 0 )  , T R 2  Lo where Lo i s  the  

f l u i d  height under s teady-state  conditions, d5f feren t ia t ion  of  Equation (4)  

-10- 
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L 

c 7) 

It j s s t i l l  newsswy t o  f i n d  tne  coyrespondence between n u l t i p l i -  

> : = t i ~ r .  x ; i s tzn t ,  t * i t n e ,  power and r c ~ c r  frEc%ion of f l u i d .  From the  tsro group 

di ff'i:sioa theorg  f o r  cne region thermal reactors ,  the time dependent equation 

for the ;;over $3 .cr: fuZcti@z Gf k IS 

-11- 



where 

. 

1 : f r a c t i o n  of neutrons which r e s u l t  f ro= decay of f i s s i c n  products 

pi = f r ac t ion  of neutrons having decay ckiaracterj s t i c  h i  (s. pi 
h0 = r e c i p o c a l  lifetime of protiqt neutrons S ~ V ~ / ' ( L  + 327') 

hi = decay constant o f  delayed neutron emitter 

1 

Pi = concentrztion of delayed neutron emitter 

rs = thermal absorption cross-section, per cm. 

Tf = Ferni Age, 5 ~ ; ~  cm. 

32 SL\CL.? 35 f " A C t 0 1 '  

k. = material  mul t ip l ica t ion  constant if f i n i t e  p i l e  had no Leakage 

k, = mult ip l ica t ion  constant required f o r  c r i t i c a l i t y ,  i f  f i n i t e  

P = power d iss ipa t ion ,  kw. 

t = time, sec.  

To f i n d  a r e l a t i o n  between f l u i d  densi ty  and vapor f r a c t i o n  of reac tor  

p i l e  had no leakage 

f l u l d ,  re turn  t o  the  de f in l t i on  of v i3' or  

where 

Vf 

V, = volme of reactor  f l u id ,  a. ft. 

The dt..nsity 33: t h e  reactor fluid c6n then be ?x;lresscd as:  

volune of vaTor i n  reac tor  f l u i d ,  cu. f t .  

-12- 



where 

. 

p1 liquid density, lb/cu. ft. 

p, = vapor density, lb/cu. ft. 

Defining vg(o) as the fraction vapor volume under steady-state operation, and 

Po as the corresponding reactor fluid density, 

where 

It remains to find the time dependent correspondence between p and 
P. In the steady-stete, the nuclear power production is directly proportional 

to the rate of heat removal from the reactor solution. Neglecting any change 

in the heat content of the liquid, if the heat extraction rate remains constant 

at Po, the heat content of t'he vapor bubbles is time dc+%dent upon thr: nuclear 

power as given below: 
00 

[P(t - e )  - Po] d 6 
0 

where 

o( = Btu/kw-sec. = 341313600 

Fo = power removal from reactor unit, kw 

X(G) = nomalized dis$ributed bubble time delay function 
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E 2 time delay ef bubble formation, sec, 

= V f h f g P g 7  enthalpy of vapor in fluid, Btu. 

hfg = enthalpy of vaporization, Btu/lb. 

Assuming that the total volume of the reactor unit is twice the original liquid 

volume, and using the thermodynamic properties of steam and water as presented 

by Keenan and Keyes (7), Equations ( 9 )  and (ll), and constancy o f  vtqor mzss in 

the stem chest, the relations between H , I ,  vg and p given i n  Table I were obtained.. 

TABLE I 

Thermodynamic Relations for the System Considered 

49.8 

49.8 

49.3 

45.e 

47.8 

47 e 18 

4€J 

44 3."; 

7 - 7 -  

48.55 

48.53 

47 .ocj 

47 * 27 

46.04 

45.18 

43 -95 

&ff3 

42.09 

I .025 

1 327 

1.630 

1.0315 

1 . ~ 5 9  

1 .044 

1.052 

1 3 6 3  

v 'V 
9Z3f 

The m&nner of obtaining the data pre6ented in the above table 5s i l lus- 

trated below. 

Let V, total Liquid  vo~uine, r t 3  
ii 

Vf vapor v o l m e  in rcsctor f l u i d  
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Since the  mass 02 vzpor In thf3 s t e m  chest i s  assumed constant,  

filso, 

Since (Vs + Vf) pg r: Vst pg, w i t h  t3he aid of Equation (14a) there r e s u l t s  

-15- 



= 2255 ft3 at 603 psia. 
vf 

It follows that 

P =  ~1 (1 - vg) + P g  vg = ( p i  - ~ g ,  (a - vg) 

48.5 (1.027 - 0.128) = 43.6 lb/ft3 

The pertinent information presented in Table I is plotted in Figures 

2, 3, and 4. 

The resulting curve in Figure 2 is closely approximated by the follow- 

ing equation: 

where 

6 

a = 205.326 x 10 

c 7.0598 x 10 
6 

6 b = 21.1317 x 10 

Equations (7), (8), (8a), (13), and (15) mathematically describe the 

problem at hand, but they must be simplified for solution. 

(8) and (8a), it has been shown by Stein in ORNL-925 ( 3 )  that for times up to 

Concerning Equations 

0.1 of a second they are accurately represented by: 
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Figure 2 

Enthalpy of Vapor i n  Reactor Fluid vs. Fluid'Denaity 
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Figure 3 

Fluid Vapor Fraction vs. Fluid Density for Constant 
Vapor Mass in the Steam Chest 
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Figure 4 

Plot  of Vapor Fraction Versus Equilibrium Pressure 
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. Also, i n  Equation (13) the f o r a  d t h e  normalized d i s t r i b u t e d  t i m e  delay fun- 

c t i o n  i s  unknown, &nd complicated funct icns  m a k e  the  r e s u i t i n g  equations too 

d i f f i c u l t  f o  handle conveniently. zence, as a f i rs t  approximation, l e t  the  

vapor gene-ated a t  t i m e  t + r r e s u l t  from nuclear power a t  time t, where'r i s  

some d lscree t  value. This corresponds t o  saying the  function %(€) i s  a d e l t a  

function of argument t - r .  Under t h i s  assumgtion, Equations (13) and (15) 

-- 

combine t o  y ie ld :  

For mall 7, the above' i s  approximated by: 

Because of %he form of Equation (151, t h e  solut ion of the  k i n e t i c  equation is 

grea t ly  f s c i l i t a t e d  i f  Equation (6) can be represented by 

B k c = A + F  (18) 

gLth A = 1 .~?ZC@22 and B P 0.95062, Equation ( l a )  closely approximates Equation 

(6)  for  f ?  36, as i l l u s t r a t e 3  i n  Figure 5 .  The lower l i m i t  on fcorresponds 

t o  a vg of Ll.255 (see Figure 31, so t h e  range covered by Equation (18) appears 

suf f ic ien t  t o  allow i t s  Y S ? ~  

k i n e t i c  equations f o r  the  reactor  are: 

Let t ing U- = P/P,, the  r e s u l t i n g  s i m G l i f i e d  

-20- 



S o l u t i o n  Reactivity versus Fluid Density,  
for k,, 8 1.06 
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. 
Sudden reactivity changes will a2pear as changes in the material multi- 

plication constant, k ,  The most dangerous fashion in which k could change is 

in the form of a step function, or instantaneously. However, k would change 

with time for normal alterations in solutian reactivity. 

changes can be incorporated in k by letting 

These two types of 

where any instantaneous increase in reactivity is represented in ko, while 

increase with time is represented in the linear function Ct. 

k 

Combination of Equations ( 19)  and (20) yields non-linear equations 

difficult to solve directly on 8 time basis. 

phase-piane method, which eliminates time directly. 

Resort is therefore made to the 

Thus, letting 

Equ@rt.ion (19) can be replaced by 

du: (1 -!) (2 - B K [ C -  1 - T E] 
dt dt 

Dividing one equation 3y the other, their phase-plane representation becomes 
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. 

Plo t t ing  t h e  above equation, t h e  t i m e  required t o  t r a v e l  any por t ion  of t h e  re- 

s u l t i n g  curve can be found by graphical ly  in t eg ra t ing  Equation ( l g a ) ,  or: 

du 
- BK [r- 1 -7' A, (UC C Pk,,)] 

E'sr %hc problem at, h-lnd, 

B = 0.35062 

6 Po = 10 

-23- 
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It remains t o  choose values f o r  C, p , and ’i” If one assumes t h a t  feed 

mater ia l  can be introduced i n t o  the  b o i l e r  a t  about 7000 gal lons per  minute, and 

if the g rea t e s t  concentration of na tura l  uranium i n  make-up so lu t ion  i s  500 grams 

per  l i t e r ,  t he  maximum value C can have i s  0.002215 per  second. 

a r b i t r a r i l y  chosen, and i s  l a r g e  enough t o  be beyond any probable input flow rate. 

Similar ly ,  500 gm. U/1. was a r b i t r a r i l y  chosen as a uranium concentration suf-  

f i c i e n t l y  grea te r  than t h e  100 gm. U/1 .  i n  the  reac tor ,  and y e t  reasonably re- 

moved from t h e  sa tura ted  so lu t ion  concentration so as t o  e l iminate  t h e  pos- 

s i b i l i t y  of p rec ip i t a t ion .  

an extreme condition. 

7000 gpm was 

Using the above values, t h e  C ca lcu la ted  represents  

The value Q.OQ22l5 was obtained as follows: 

From reac tor  theory, 

k = qEpf  

= prompt f i s s i o n  neutrons/neutron absorbed i n  U235 o 2.09 

= fast e f f e c t  = 1 
‘1 

( 6 )  p - resonance escape probabi l i ty  = 0.865 i n  this problem 

f = thermal u t i l i z a t i o n  f ac to r ,  or neutrons absorbed i n  U 235 / neutron 
absorbed 

I n  t h e  problem a t  hand the  reac tor  so lu t ion  contains about 100 grams of uranium 

per  l i t e r ,  and k = 1.06. One can then wr i te  

1.06 .I 2.09 (I) 0.865 0.71 
0,71 + A 

o r  A = 0.50092 

The value f o r  C i n  t h e  expression k = ko + C t  can be obtained by d i f f e ren t i a t ion ,  

o r  
d k = C  
dt  

To obtain a maximum value, consider t h a t  i n  adding more uranium only t h e  U235 

i s  of importance. Then 
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where N i s  the  concentration of  t h e  $35. 
25 

From t h e  &ove 

= 1.8078 ( 0.50092) a 2 5  
(%),ax ‘W dt 

If  concentrated feed solut ion contains 500 grams uranium per l i t e r ,  and can be 

introduced at  5t maximum r a t e  of about 7000 gallons per minute, then 

and 

o r  

C = 0,002215/aec. 

A feed rate of 7000 Sallons per minute would correspond t o  about 16.5 minutes r e -  

quired t o  f i l l  the tarzk, 

fed i n t o  the  reac tor  a t  t h i s  r a t e ,  t h e  i n i t i a l  drop i n  

Also, f o r  d i l u t i n g  purposes, i f  pure moderator were 

k wauld be about 

The term “delayed neutrons” has come i n t o  usage because c e r t a i n  of t h e  

f i s s i o n  products formed from f i s s i o n  of U235 emit neutrons some t i m e  following 

f i s s i o n  

wi th  that  of the  beta decay preceding t h e  neutron emission, the  f r a c t i o n  of 

delayed neutrons and i t s  decay constants given i n  Table 11. 

These delayed neutrons are emitted with a h a l f - l i f e  associated 
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TABLE I1 

Values of the Decay Constant Associated with t h e  Delayed Neutron Emission of U235 
Fiss ion  

0.00025 

0.00085 

0 e 00241 

0.00213 

o 00166 

Hence, t h e  maximum value for  p i s  0.00755. 

13 e 86 

1.61 

0.456 

0 154 

0 0315 

0 0215 

Concerning a value f o r  7. Bowman and Parish ( 9 )  have stated t h a t  the  

rate of bgbble formation i n  i n t e r n a l l y  heated aqueous solut ions reaches a 

maximum about 0,003 seconds after a power pulse.  Lane (lo) reported infor -  

mation that steam bubbles forn wi th  explosive violence i n  the order of 0.003 

seconds. On t h e  basis of the above, T w i l l  be assumed t o  have a value of about 

C,OO3 seconds. 

The e f f e c t  of r e a c t i v i t y  changes upon t h e  nuclear system of  t h e  reac tor  

depends on the  values of t h e  above parameters, 

several  cases will be gresented. 

To evaluate t h e i r  importance, 

Case I 

1 = 0, = 0 .  This corresponds t o  disregarding delayed neutrons and 

a l s o  time delay ir, bubble formation with respect t o  nuclear power. The solut ion 
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reactivity i s  considered t o  change (I) instantaneousl-y, ( 2 )  lincaarlq w i t i l  t ime, 

a13 (3 )  by c ccmbiration OT (1) and (2).  

Ccsc IA, k = kc- + O . O O Z l 5 t  ( u  = 0 vhen C T  = 1). Thi s  represents  an 

iricrease of s c lu t ion  reactivity w i t h  time. Iiere, using t h e  parameter values 

cAs Giverr in E q w t i o n  (25), Equation (22) can be integrated,  y i e ld ing  

which i s  g r a p i i c a l l y  represented i n  Figure 6a. 

c!scil lst ing about 8 new equilibrium value, 1.505 Po. 

~ a l ~ ~ c - ~ ;  :i and J” from FiGul-e 6a, Equations ( 2 3 )  and (24) car1 be graphical ly  

i n t e g r z t d  t o  ab ta in  the t i m e  required t o  t r a v e l  any por t ion  of t h e  curve. 

This  shows t he  nuclear power 

By reading corresponding 

h t k  cquetiorjs sre u s e f i l  s ince  it i s  easier t o  evaluate  time by Equation (23) 

w;ien i-lr i s  c.l.ose t o  t h e  value of p k c o .  Otherwise Equation (24) is sim,ilest, 

t o  use.  Once hsving corresponding values of  u and t ,  the  variation of P 

r i t h  t i m e  can be found from the  d e f i n i t i o n  of u, o r  

’1 -T (kc + C t >  (1 -1) - A - 

I n  this itlamer tJic r e l a t i o n s  between u,  6 , 
res2ondinc values being @veri in Table I11 for one-half of t h e  f i rs t  cyc le .  

t ,  and ,p were obtsined, tile cor- 
/ 
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TABLE 111 

Corresponding Values of u, Cr, t, and P fo r  Case IA, for One-half Cycle 

1.01 0.600 460.5 1.500 0.0300 44.91 

I .04 1.232 490 .-2 0.7442 0 9 0599 44.91 

1.10 1 e952 562.9 0.4657 0 e 0943 44.90 

1.30 2.884 1112.8 0.2667 o .162 44.87 

1 * 5p47 3.109 _-  0.2138 0.206 44.82 

1.70" 2 0939 -1166.4 G .20015 0.246 44 .'76 

1 .go 2,402 - 576.3 0.2191 0.288 44.68 

2.10 1.196 - 382.7 0.3981 0 e 341 44 Y 54 

2.15 0 @ 387 - 353.0 1.2018 0 370 44 * 45 

2 * 1.55 0 - 350.3 -- 0.384 44.42 

The above results are, plotted and extended t o  several cycles in 

Figures 6b, 6 2 ,  and 6d. 

d i t i o n s  presented, t n c  nl;r,lear 2ower osci i l -a tes  wit11 a p e r i u d  'of c i o u t  0,77 

From the  above figures it i s  seer1 that under the GM- 

seconds, h,;rine :j I : x ~ ~ i i : i  of 2.155. T!it cLar,ge d f'lliid riensit:/ wi th  t i m  is 

f a i r l y  remlar, no abrupt ctanges t ak ing  place so as to get  excessive pressures 

( see  Figures 3 and 4). From Figure 6c, it i s  noted that k can be increased 

at  t h e  rate cited here f o r  about nine seconds before the f l u i d  dens i ty  de- 

creases t o  37 ~-c/ 'iii .~~ i't * 
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Graph of Equation (26), Power R a t i o , C ,  vs. Excess k 
i n  System for Constant Rate of k Input; 1 =I' Pk 0 

fIG 6b 

Variation of Fluid  Density with the  Power Ratio, 
for Constant Rate of k Input; Based on Figure 6a 
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Variation of Fluid Density Versus Time During Which 
Solution Reactivity, k, i s  Increased; Based on 

Fig. 6a 

Variation of Power Ratio With Time. k is Linearly 
Increased; Based on Figure 6a 
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1 -  

Case IB. k = k 0  + 0.01 f C t  ( u  = 0.01 w h e n 6 =  I); C = U sad 

C P 0.002215, 

a c t i v i t y  d-mi&e on the nuclear cha rac t e r i s t i c s  and also t h e  effect of 

under such coriditions. 

the following upon in tegra t ion :  

Y n i s  c m x r n s  t h e  influence of an in s%an taeous  so lu t ion  re- 

C 

Inse r t ion  of the  above valtes i n  Equation (22) yields 

w i t h  C I 0, m d  

u2 - lo4 = [1.3208 I n  6 - 0.8'j'786 (c - 1) x 
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s 4 1  

Graph of Equations (27a) and (27b), Power Ratio, r, 
Versus Solution Excess Reactivity, u, with an 
Instantaneous A k  of 0.01, and with and without a 

Linear Increase In k; p='l"= 0 
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DWG. 12743 

f / G  86 . 

P l o t  of Power R a t i o  Versus F l u i d  Densi ty  f o r  
C = 0.002215; Based on F igu re  7 
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0%. 12744 

Plot of Fluid Density Vereue Time for C = 0; Baaed 
on Figure6 7 and 8a 

c 

Ploa of Fluid 
for C O.OO2U5; Based on 

Figs. 7 md Bb 
-35- 
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Plot of Power Ratio Versus Time for C = 0; Based 
on Figs. 8a and 9a 
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1 
DWG. 12746 

Plot of Power Ratio Versus Time for C 
Based on Figs.  8b and 9b 

O.OO22l5; 
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U i l s ) ~ G i e t : l ~ C  fo r  k = k,, t 0.01 + Ct. I n  t h e  lat ter case the  time tG reach 

msxirnuLLz LiLtZieai '  dower i s  0,0612 seconds, t he  t o t a l  per iod being 3.25 seconds, 

whereas for  k k,, + Ct the  correeponding times are 0.384 and 0.768 seconds. 

The dens i ty  changes i n  %fie two ins t snces  are given ia  P i g n e a  6c and pb, il- 

, 

h s t r a t i n g  t.he camy;a,rat,ively v ~ j r  rnpid and s ign i f i can t  density enaiges occur- 

ring when an inslant,aneaus Ak i s  in t ro$xed .  

Case IC. k = k,, + 0.02 ( u  I 0.02 w h e n 6 -  L). 

Case IB v j t h  C - C), except t h e  A k here  i s  Cj.02 ins tead  of 3.0:. 

This  is t h e  same as 

For t h i s  

r r  .-.>e -. Eqxitiox? (22) y i e l d s  

In a l l  of tJic above s i t u a t i o n s ,  increasing rmct ia r i ty  starts sustained 

nucleer power o s c i l l a t i o n s .  

very sm1L increases  i n  k 

eiristi1Lt, ,;?ri l?-atians e 1% i s  flierefcr e necessary t o  have within %!le system 

These o s c i l l a t i o n s  are highly undesirable s ince  

i~ various times could increase the nrnglitude of 
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f / b :  f f a  

Graph of Equation (28), Power R a t i o ,  6, Versus 
Excess  R e a c t i v i t y ,  = 0 ,  k C: k,, + 0.02, 
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Plot of Power Ratio Versus Time; Based on Fig. l l a  
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nM( t , J Z  
FIG ZfC 

P l o t  of Fluid Density vs. Time; Based on F i g .  l l a  
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Case I1 
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can be used to obtain the existing relationships between the variables. The 

L 

dependence of 6 and fon t is indicated in Figures 12b and 12c, curve (1). 

By comparing the above curves with Figures 6a, 6c, and 6d the damping in- 

fluence of the delayed neutrons can be observed. Figure 6a is redrawn about 

the equilibrium point in Figure 12a and is the curve numbered (2). 

of the delays is thus to eliminate nuclear oscillations, the power now in- 

creasing with time and approaching the equilibrium value asymptatically. 

The effect 

It follows that the action of the delayed neutrons on time-density changes 

results in a smoother relationship as shown by comparison of Figure 12c,' 

curve (1) with Figure 6c. 

Case ID. k = kco t. 0.00177 + Ct (u = - 0,00353 when (Tz 1). This 

is the same as Case IIA except Q k  is 0.00177 instead of zero. Hence, the 

isoclines are the same as in Case IIA, but the initial condition has been 

changed t o  u = 0.00353 when(r= 1, which leads to some changes in the nuclear 

power and density with time relations. Graphical indications of the fluctua- 

tions arising here are given in Figures 12a, 12b, and 12c, curves (3). 

Figure 12b shows that in the case at hand the power will rise faster than in 

Case I I A ,  actually rising slightly above the equilibrium value and then ap- 

proaching equilibriun; conditions asymptotically. 

the time-fluid density relationship causes /) to decrease somewhat more rapidly 

with time, but, the effect is small as observed by comparing curves (1) and (3) 

of Figure 12c. 

The influence of the O k  on 

Thus 8 Ak of 0.00177 does not have any particularly adverse 

effect on the operation of the reactor under %he conditions given. 
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Plot of Povcr Ratio, 6, vs. Ekceee Reactivity, u, 
for Continuously Increasing k and Various a k ,  
Considering Delayed Neutron Wfects,T. 0, 

c 0.002215 



DWG. 12751 

nuc t, S€C 
f/6 12b 

Power Rat io  vs. Time f o r  Continuous Increase  i n  k, 
Variousak,!. O.OO5,T=  0; Based on Fig.  12a 

P l o t  of F lu id  Density vs .  Time During which k 
Inc reases  Linear ly;  Based on Fig .  12a 
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Case 116. k = kco + C t  (u 0 when 6 = 1). Again, t h e  only d i f -  

ference between Case IIA and t h i s  one i s  the presence of a O k  i;erc. LCCI tile 

isocl ines  of' Case IIA can be used-, kuC, w l t h  E. d i f fe-sent  i n i t i a l  condition. 

The value cz' A k  i n  t h i s  s i t u a t i o n  i s  3.3953 coqared t o  0.001*[7 i n  Case ILI). 

The r e s u l t i n g  f luc tua t ions  of 6 and/ with time are presented in Figures 12a, 

L2b, and 12c, giver, by curves (4 ) .  

t he  motion being highly damped. Atiltk:c?ii;h t h r  p~wei  i) 1-c.i i s  ;il&,?r t h . n  in 

2ase 113, v i ~ h  9 cnrrespndingly  larger densi ty  change, t h e  over-all  r e s u l t  

does not appear t b  lead t o  arq control  d i f f i c u l t i e s .  

A s  seen there, no power o s c i l l a t i o n  occurs, 

For t h e  s i t u a t j o n s  2resented i n  Case 11, t h e  delayed nextruns act  as 

powerful d z q i n g  factors on any nuclear o s c i l l a t i o n s  diicki were set up by 

solut ion r e a c t i v i t y  increases.  

between nac: e w  ;?CXJF?,Y a d  zorresA2ondin& va:~or :rcductiorL, ;La;c tat,,-- e f f  c x t  c ; i  

Gibb,~ :!,ei3y is o 

It remains t o  study t h e  ac t ion  of 3 t i w  delay 

s i t e  t~ %at ~ i '  delryec? neutrons.  T h i ~  is stu2ie.j i ~ r  X s e  111. 

Case 111 
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The above equations can he  graphical ly  in tegra ted  by t h e  method of i soc l ines  

described above, the  resul ts  being given i n  Figure l3a. The r e su l t i ng  curves 

can be compred with those i n  Figures 12a, (l), and 6a, which represent  s i t ua t ions  

with and wfthout delayed neutrons respect ively,  no bubble delay t i m e  being con- 

s idered.  Comparing Figures Ga and 13a, it can be seen t h a t  t he  absence of time 

delay resul-bs i n  nuclear o sc i l l a t ions ,  whereas a t i m e  delay causes t h e  curve t o  

diverge from t h e  closed pa th-  Hence, t h e  ac t ion  of a bubble delay time causes 

t h e  nuclear power o s c i l l a t i o n s  t o  be negatively damped, therefore  ac t ing  i n  

opposit ion t o  t h e  pos i t ive  damping ef fec t  of t h e  delayed neutrons as shown i n  

Figure 12a, (1) 

l u s t r a t e s  t h a t  t h e  negative damping fac tor  i s  not l a rge  for t h e  case a t  hand, 

For the  time delays considered, Figure l3a graphical ly  il- 

but  would become more important as 7 became l a rge r .  Figure l3b ind ica t e s  t h e  

manner i n  which t h e  nuclear power would behave on a time sca le ,  when T = 0.004 

seco.nde 

Although it appears t h a t  t h e  damping influence of t he  delayed neutrons 

outweighs the  negative damping e f f e c t  of bubble time delay, other  s i t ua t ions  

should be examined t o  see how ‘r a f f e c t s  reac tor  operation when delayed neutrons 

are taken i n t o  account.. These inves t iga t ions  a r e  given under Case IV. 

Case I V  

,8 = 0,00406; = 0.01; C = 0.002215. Both bubble delay t i m e  and 

delayed neturons are considered i n  t h i s  case, t h e  f r ac t ions  of delayed neutrons 

being taken as 0.00406 f o r  reasons given below. Several  values of  k s h a l l  

be s tudied t o  weigh t h e  importance of 7 . 
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P l o t  of.'Power Rat io ,  6 ,  vs .  Excess Reac t iv i ty ,  u, 
for Continuous k Increase with Time, C = 0.002215, 

T= 0.004 and 0.01 Seconds,/= 0 

I I 

0 1 2 3 4 5  
7W€, t, SEC 

FIG f3b 

Plot of Power Rat io ,  6, vs. Time for 7 = 0.004, 
Based on Fig. l3a 
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where 

Graphice.ll,y in tegra t ing  as befme, t'ne r e s u l t i n g  r e l a t i o n s  are indicated i n  

Figures 14% and 14b, curves (1) 

layed neutrons com?letcly overshadows t h a t  given by bubble d.elay time, sime 

tl,n n?:.*! ear oscillation i s  c r i t i c a l l y  dampl.  

A s  seen i n  Figure 14a, t h e  act iou of the  de- 

This i s  i l l u s t r a t e d  more vividly 

in j1iu.-y 
D .A< 15, vhich compares t a e  case a t  hand t o  a sirnilax one with 

The curve i n  the  lattw case h a s  been displaced so the equilibrium points  of 

t h e  tvc s i t u a t i o n s  coincide. 

c r i t i c a l l y  dm7 the  nuclear oscillatim but a lso  s i g n i f i c a n t l y  darn2 the: power 

p u l s e  height,. 

= = 0 .  

Figure 15 shows t h a t  the delayed neutrons not or.lJ 

CELse IvB*  k = kco + 0.0043G36 f Ct (7-1 = - 0.0043036 when 6 = 1) (I 

This c;:su corrcsponds t o  a combination of Cases I I C  mil 111, o the r  than slightly 

diffe~-cnt; v3!ues f o r  A k and B and t h e  inclusion o f  t.Le e f f e c t  of 

r e s u l t s  are shown i n  Figures 14aand 14b, curve ( 2 ) .  

act ivi t 'y  continuously t o  the retlctor dots  not ta2sear to sffect t + ~ ?  3 >rer.-ril 

,iictu;-e, ;Ilthough here the n u c l e a r  o s c i l l z t i o n  i s  not 9s highly dani~ed as in 

Case TJA. 

. The 

The effect o f  ad6irig re-  
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P l o t  of Power Ratio,  Cl- , vs. Prompt Excess React iv i tx  
u, for  1 = 0.00406, T = 0.01, C O.OO22l5 and 0, 
and a Delayed Neutron Group with = 0.154 

P l o t  of Power Rat io  versus Time; Based on Fig. 14a 
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p lo t  of Power Ratio vs .  Prompt Excess Reactivity 
for A k  I 0.0043036, p =7: 0 andfm 0.00406, 

7'= 0.01 
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one group o f  delayed neutrons, X = 0.154. I n  Equation (16) the delayed 

neutrons were considered t o  cons t i t u t e  a steady source of power which e f fec t ive ly  

kept, the power l e v e l  from dropping below the  equiljlrrririrn value i n  t he  above 

c z s e s ,  

longer t h m  0 , l  of a second, and i n  severa l  of t h e  8bcve c%";s the time i n t e r v a l  

of t h e  *xwr p i b e  exceeded t h a t  value. 

H ~ ~ e v e r ,  Equation (161 i s  not gefierally t r u e  fo r  pe~ic4.s  of time much 

Py :on&idering nnfy m e  &-ro:ip sf delayed 

netltrons, the combination of Equations ( ' I )   EL { , ' j  ,? .;,!?E-. 

t 
I 
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0.0043736, t h e  power pulse  rise would be shor te r ,  and the accuracy of Equation (16) 

would increase.  

f ec t ive  i n  damping osc i l l a t ions  as they appeared previously, but  i n  t h i s  case 

t h e  power r ise  would be smaller and t h e  corresponding value of t h e  i n t e g r a l  

For a smaller d k t h e  delayed neutrons would not be as ef- 

- expression i n  Equation (29)  would be lower than for the  i l l u s t r a t i o n  here. 

It thus appears t h a t  delayed neutrons will always cause damping. 

Case IVD. k kc, 0.0088 ( u  = 0.0045 when 1). Because of t he  

value of t h e A  k, t he  time i n t e r v a l  of t h e  power pulse concerned i s  so small 

t h a t  Equat ion(l6 i s  appl icable  f o r  t h e  major por t ion  of t he  curve, and d i r e c t  

graphical  in tegra t ion  of Equation (22) i s  possible .  

are given i n  Figure 16, which i l lustrates t h a t  an increase i n  the  A k causes 

a s ign i f i can t  change i n  t h e  power pulse  height and i n  t h e  shape of  t h e  result- 

The r e s u l t s  f o r  t h i s  case 

ing  curve, Although t h e  f l u i d  densi ty  overshoots the equilibrium value, the 

nuclear o s c i l l a t i o n  i s  s t i l l  highly damped, t h e  minimum f l u i d  densi ty  being 

about 39.4 lb/f t3 .  

stantaneous solut ion r e a c t i v i t y  increase,  s ince f o r  too l a rge  a A k  t h e  power 

may rise so rapidly that the lag i n  corresponding densi ty  changes allows the 

power t o  increase t o  very l a rge  values. 

It appears t h a t  T d i s t i n c t l y  l i m i t s  the  allowable in -  

DISCUSS I O N  

I n  sumar iz ing  the  r e s u l t s  of t h i s  study, it appears t h a t  the  delayed 

neutrons a c t  as powerful damping f a c t o r s  on any nuclear power o s c i l l a t i o n s  

which might w i s e ,  completely overshadowing t h e  inf luence of a bubble delay 

time of 0-01 seconds f o r  instantaneous r e a c t i v i t y  changes up t o  0.009. The 

main e f f e c t  of 7' i s  t o  l i m i t  t h e  allowable A k, but  A k of 0.009 is extreme, 
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Power Ratio vs. Prompt Excess Reactivity f o r  
b k  = 0.0088, C - 0, / =  0.004O6, 

7'= 0.01 
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s ince  this  corresponds t o  adding uniformly at once a minimum of 266 pounds of 

+ 
natura l  uranium t o  t h e  solut ion,  or 409 pounds of uranyl su l f a t e .  

obtained by using Equation (25a) t o  f i n d  t h e  value of N25 required for  a 

of 1,069, and then ca lcu la t ing  the  mount  of U235 which would have t o  be added 

T h i s  was 

k 

t o  give t h i s  concentration. If k were t o  increase with time, the re  are less 

r e s t r i c t i o n s  as t o  the allowable so lu t ion  r e a c t i v i t y  increase.  For example, 

w i t h  C = O.OO22l5, Figure 6c ind ica t e s  t h a t  a concentrated so lu t ion  could be 

fed i n t o  t h e  reac tor  at  7000 gal/min. f o r  9 seconds, which corresponds t o  

adding a t o t a l  of 4380 pounds of na tura l  uranium, 

Actual values for  are, as ye t ,  poorly known and t h e  inherent  r eac to r  

s t a b i l i t y  demonstrated would be l imited i f  l a r g e r  values o f y  were used. Martin (12 )  

has recent ly  indicated t h a t  small power pulses  impressed i n t o  an i n t e r n a l l y  

heated l i q u i d  caused appreciable dens i ty  changes 0.25 t o  1 second following t h e  

power pulse,  and higher power pulses  had a corresponding dens i ty  change lag 

of about 0.125 seconds. If these  time l ags  occur i n  t h e  "boi ler"  system con- 

sidered only small A k  can be to l e ra t ed .  

l a r g e  f o r  small power pulses,  may be qu i t e  small for high power pulses .  

follows s ince  the  l a rge r  the impressed A k ,  t he  higher t h e  nuclear power pulse ,  

r e s u l t i n g  i n  more rapid superheating of t h e  reac tor  l i qu id ,  which would cause 

vapor bubbles t o  form more rap id ly  than f o r  smaller d k .  A(e) would thus  be 

a d i s t r i b u t e d  time delay funct ion which depended upon the  appl ied power pulse,  

o r  impressed A k .  

vapor bubbles would be more numerous at  higher operat ing power, which i n  t u r n  

However, values of  T,  even though 

T h i s  

It would a l s o  depend upon t h e  s teady-s ta te  power, s ince  

8 

6 concerns the  e f f ec t ive  bubble rise ve loc i ty  a t t a inab le .  Decrease i n 7 ' w i t h  

increasing A k i s  a desirable r e l a t ion ,  inasmuch as r e l a t i v e l y  1argeTal lows 
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a highly damped nuclear o s c i l l a t i o n  f o r  small ak, whereas l a r g e  P k woiild r e -  

quire  small T v a l u e s  for reactor  s t a b i l i t y .  

reactor  f l u i d  may aid considerably i n  decreasing the  value of 7', f o r  although 

t h e  deuterium and oxygen forned by l i q u i d  decom:iosition would only 5e about one 

per cent by volume of t h e  va2or generated, these bubbles may be very numerous 

and d i s t r i b u t e d  throu&out the  reac tor ,  forming nuclei  f o r  l i q u i d  vaporization, 

Hence, it may well be tha t  although decomposition gases are undesirable i n  

c i rculat ing-type reactors ,  they a r e  qui te  necessary i n  boili i lg types for  i n -  

The presence o f  gas bubbles i n  the  

ciirect control  purposes. 

steam bubble formation, would contr ibute  very l i t t l e  t o  over-al l  reac tor  

s t a b i l i t y  s ince steam vapor would cons t i tu te  about 99 per cent of t h e  reac tor  

f l u i d  vapor phase. 

T?ie formation o f  gases i n  themselves, while promoting 

I n  t h i s  study t h e  percentage of vapor formed by surface boi l ing  was 

considered negl igible .  

would be dependent upon the  l i q u i d  superheat, t h e  surface boi l ing  increasing 

with t h e  superheat, I n  ordinary boi l ing,  i f  there  are  plenty of points  con- 

t a i n i n g  adsorbed gases, vapor biibbles form readi iy ,  t h e i r  s i ze  being sin.all, 

The ac tua l  f r a c t i o n  of vapor generated a t  t h e  surface 

and l i q u i d  superheating low. 

number of small gas and vapor bubbles throughout the  reactor  would be more 

It seems reasonzble t o  suppose tha t  a very la rge  

advantageous i n  this respect  than ac tua l  points ,  and ES a r e s u l t  superheating 

should be low throughout the b o i l e r  f l u i d  under t h i s  condition. By consider- 

i n g  t h a t  with each bubble there i s  an associated volume of l iquid,  and t h a t  

heat is t ransfer red  by conduction through t h l s  l i q u i d  t o  the  vapor bubble 

surface,  it can be shown t h a t  the amount of superheat decreases considerably 

as the  number of bubbles present increases.  I n  the  Los Alamos Water Boiler  
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there  are gas bubbles formed by l i q u i d  decomposition, but  it my be t h a t  most 

of t h e  gases evolved as such are formed a t  tlie liquid surface.  

des i rab le  t o  know what percentage of t h e  decsmposi%ion gases evolved are gener- 

It would be 

a ted  within t h e  l i q u i d  volume, and i f  there are means by which t h i s  percentage 

can be increased. The operation of t h e  reactor  a t  about 600 p s i a  and t h e  mix- 

ing  ac t ion  of t h e  f l u i d  motion should help keep t h e  bubble s i z e  small and l i q u i d  

superheat low, which would aid i n  keeping the value of  7' small, as w e l l  as keep 

t h e  surface boi l ing  e f f e c t  negligible.  

If t h e  l i q u i d  superheat i s  low, p r s c t i c a l l y  a l l  the generated heat 

must q p e a r  as vapor bubbles formed within t h e  l iqu id .  

amount of hezit the  bubbles would. need t o  be removed a t  a c e r t a i n  rate, and 

To ex t rac t  a c e r t a i n  

6 for t h e  problem studied, i n  which LO kw i s  considered, Equation (3 )  d i c t a t e s  

t h a t  the  average bubble rise veloci ty  required be about 9 f t / sec .  

be d i f f i c c l t  t o  obtain,  s ince na tura l  rise rates of air bubbles i n  water are 

This m y  

. 
of t h e  order of 1 f t / s e c .  

reac tor  fluid i tself  t h e  necesswy circqJlation veloci ty  which would remove 

However, it may be Faasible t o  impose upon t h e  

bubbles from t h e  reac tor  zone a t  t h e  desired rate. Due t o  t h e  f l u x  distri-  

bution, there  would be considerable densi ty  gradients aexoss the  reactor  

diameter, which would i n s t i g a t e  l i q u i d  c i rcu la t ion .  Once started, n a t u r a l  

circulet . ion m u l d  be aided by baffles t r i tnin t h e  f l u i d ,  as vel1 as by some 

above so  cc-ndensate would enter near t h e  WSl lS  ns i l i u s t r z t e d  i n  Figure 1. 

Other tnan t h i s ,  i f  plutonium were being extracted fron the  reactor so ld t ion  

4. on a continuous cycle, t h e  exit and i n l e t  pipes f o r  processing purgoses 

could be s i t u a t e d  so  as t o  mater ia l ly  a i d  ns tyra l  c i rcu la t ion .  

ve loc i t ies  attaina3le by the above o r  simil..;r met,hods should be measurea 

The bubble f 
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8 experimentally i n  order t o  determine what spec i f ic  powers are  feasible. Oper- 

a t ion  at h i &  pressure would lower t h e  bubble r ise veloci ty  required after 

a given power output, s ince the  heat content per cubic foot  of vapor i n -  
. .  

creases markedly w i t h  t he  rpressure. 

I n  a reac tor  of the  type considered, t h e  s i z e  of t h e  heat exchanger 

Thus, the  heat exchanger should be i n  proportion t o  t h e  s i z e  of t h e  reac tor .  

i t s e l f  should not occugy a volume out of proportion t o  t h a t  of t h e  steam chest ,  

which i n  the problem considered normally contained about 13,000 cu. f t .  of 

vapor. Assuming an over-al l  heat t r a n s f e r  coef f ic ien t  of 1000 Btu/hr-sq.ft-OF 

and groduction of 190° C steam, the heat t r a n s f e r  area required would be 

34,130 f t2 s  If 4-inch water tubes were used, the  volume occupied by t h e  tubes 

would be 2@O cu. f t  . , which does not seem excessive. 

The heat exchanger would act as a steam f i l t e r ,  leaving f i s s i o n  and 

decomposition gases t o  r i s e  i n t o  t h e  space above t h e  exchanger. Tlie lower 

explosion l i m i t  f o r  mixtures of hydrogen, oxygen, and steam i s  about 22 - 25s 

e l e c t r o l y t i c  gas over a range of temperature and pressure of 8To .C ,  12 p s i  

ta ‘ ~ 4 7 ~  C ,  ‘700 p a i  ( I3 )  . 
gas constitutes about  1 per  cent of t h e  mixture, even slow burning I s  1x1- 

1ikel.y. 

and the  percciitsge of e l s c t r y l y t l c  gas wou1.d r i se  t o  combustible proportions. 

A convenient, method of recombining t h e  gases lirould consis t  of  a niu,fo?r of‘ 

“ontiniime; spark; dg SChRrge devices placed above t h e  heat exchaneer which would 

ii,‘llite tl;e <;CLSCC ~4,s t:?cy reached t h i s  region. 

! .  

Elence, below the  heat exchanger, wlicre e l e c t r o l y t i c  

€Iow=?ver, i n  passing upward througk -hi- exchanger, .team would condense 

If burning takes place as a series 

of “pops,” it inay be necessary t o  use t h e  a l t e r n a t e  system mentioned on page 5. 



* At 200' C, the heat of the recombination reaction is about 

f 6780 Btu/lb. vapor. Also, if condensate is returned to the heat exchanger at 
4 

6 38.3' C, 3.03 x 10 lbs. of 200. psi steam are generated per hour, during which 

time 23,200 lbs, of moderator a r e  decomposed. 

superheating would be 515 Btu/lb . , which corresponds to a superheat temperature 
of 46.6' C (84' F).  

Hence, the heat available for 

If the steam gene-ted within the reactor along with the 

recombined vapor could be used directly for power production and returned as 

condensate at 38.3O C, the available superheat would be about 30° C (54' F) . 
In addition to the decomposition gases, fission gases will be formed, 

e.g., krypton and xenon. The volume of. these gases, however, is relatively 

small GO they form no immediate problem, for, even assuming one mole of fission 

gas formed per mole of U235 fissioning, there wil1,only be about 3.4 SCF of 

fission gases produced per day, which could occupy about 0.165 cu. ft. of a 

I 

vapor region of about 13,000 ft3 at 250° C and 580 psi .  The fission gases 

could thus accumulate in the top  of the reactor for weeks before venting 

them to adsorption chambers. 

Under steady-state conditions, boiling type reactors offer the 

optimum as far as maximum temperature at minimum pressare. T h e  pressure de- 

veloped as a result of solution reactivity changes would depend upon the volume 

of the vapor chest, while the vapor' chest volume would be determined by a 

balance between the pressures which could be developed by allowable reactivity 

increuaJes ana the difficulties in fabricating vessels havine sufficient 
JI 

strength. 

be possible t o  calculate the maximum pressure which could be obtained for a 

Thus, having once designated the maximum allowable A k ,  it would 
9 
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? *  

would decrease, whereas i f  the  volume were decreased, the t ’ r k S 3 \ j Z ( ?  r i s e  would 

increase.  These f a c t o r s  would need t o  be Salanced ap i t s t ,  2Epr-iyn srid Pahri-  

catior, d i f f i c u l t i e s .  

The concentration of Z235 ID t h e  reactcr f l u i d  would determine the 

would decrease t h e  volune required,  arid would a l s o  ai2 res.r^tor sa fe ty  inasmuch 

as vapor bubbles would now a f f e c t  t h e  neutron economy- ti: t. h:pi.c-r aet;rcle than  

consider t h r e e  reac tors  with t h e  same ursnium concentr85ien, k r : t  dIf?‘~ren+ 
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Table IV i l l u s t r a t e s  t h e  d e s i r a b i l i t y  o f  enriched fue ls ,  but the  

advantages obtained would have t o  be balanced against  r i s i n g  f u e l  c o s t s  as 

enrichment i s  increased, Decrease i n  reactor  s i z e  would a l s o  lessen t h e  

fabr ica t ing  d i f f i c u l t i e s  of bui lding high pressure vessels, but  smaller s i z e s  

would probably Lower na tura l  c i rcu la t ion  rates and thus lower the power den- 

s i t i es  possible.  The s ize  of the reac tor  would be g r e a t l y  influenced by 

i t s  intended application; e.@;., mobile type reac tors  would be desired i n  

small packages. 

The assumption of constant mass i n  the. stew chest i s  open t o  argument, 

bu t  it seemed t h e  most reasonable preliminary one t o  make at the  t i m e ,  inasmuch 

as no experimental data  has been observed r e l a t i n g  vapor mass and prc, +=sure 

under the  trFinsient cocditions pi-esented. 

were lowered, and t h e  vapor mass increased wfth t i m e ,  the reactor  f l u i d  pres- 

sure and t e~pc ra tu re  would r ise u n t i l  the fluid densi ty  decreased enough t o  

make t h e  reac tor  j u s t  c r i t i c a l .  

f l u i d  densi ty  is 50 low t h a t  t h e  reac tor  would be qui te  s u b c r i t i c a l ,  t h e  

maximum pressure t h a t  could be expected i s  about 3200 p s i .  

can be avoided by an external  pressur izer  arrangement. 

If t h e  removal rate of heat Po 

Since a t  t h e  thermodynamic c r i t i c e l  point  t h e  

The above s i t u a t i o n  

As already pointed oxt,  t h e r e  are P, mmber of physical  phenomena t o  

be invest igated which a f f e c t  t h e  f e a s i b i l i t y  of b s i l i n g - t p z ?  re8mcx-s. 

r e s u l t  of t h i s  study the t h r e e  f a c t o r s  found t% be of pi~%x%ry Sa2ortanc.e we: 

t h e  rate at which power can be extracted fron! t he  reactor  f l u i d ,  o r  s p e c i f i c  

power output; t h e  e f f e c t  of t r a n s i e n t  pressure conditions ugsn t h e  vapor mass 

and temperature wfthin the reactor; md the a c t u a l  form of t h e  bubble time 

As 
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delay fufiction, assosi&t.ed viSh t h e  value of T The l a t t e r  i s  present ly  

under inves t iga t ion  at 'J(X.4 

Tn addCt3irm t o  tliose ~ n e r , t ' u m  , lncre sre other design $Des which 

could be considered, the maet advantageous one to use dependent upon the , 

r e l a t i v e  impertance of t h e  good mrl k h d  f ee tu ree  involved, 
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A s  aet*el-.iiLnf-- A k T t  52 +ke 

x z -  I;.' s i ~ , b l e ,  %?ic yressl~re surges decyeasinb 

i n  %inLlff,ud? t; t h e  YC:ZC+,X c i L i c 9 1  ~ F z e  decrcasee 

times w e  dPLrlmental  %G the  s t 3 b i h t y :  ?.ut %he delayed. neutrons more thar, 

offset t h i s  e f f ec t  for- a delay time of OG@l seconds and a A k  of' about 0.009 

i n  t h e  ?roblean considered. %oi l ing  reactors o f f e r  compactness inasmuch as a l l  

high-level rddiox" t iv i5y  m y  be confined t o  one uni t ,  thereby decreasing main- 

tenance hazards, a salient fea ture ,  

qu i te  low, a iding ove r -a l l  economy. 

ir, all stzcs, the poww density avai lable  m y  l i m i t  t h e i r  Ei-pTlications. 

Bubble formation delay 

The pcwer required f o r  pumping may be 

Alt.hough "boi lers"  could possibly b e  made 

There i s  considerable eqjerimental work t o  be performed i n  the de- 

ve lopen t  of boi l ing  reactors, which shoulc? be s t a r t e d  as soon as 2ossible, 

i1iasniiLh ELS t h e  yrcccdinz study indice tes  B degree of s t a b i l i t y  not appreciated 

i n  %,re -3as.t 
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P1/ PI- 

a, A, b, B, c = constants 

B2 = buckling f a c t o r  

C = r a t e  at which k l i n e a r l y  increases with t i m e  

H = enthalpy of vapor i n  reactop, Btu, =. Td p h g g f g  
k material  mult ipl icat ion constant i f  f i n i t e  p i l e  had no leakage 

kc mult ipl icat ion constant required f o r  c r i t i c a l i t y ,  i f  f i n i t e  p i l e  had no 
leakage 

kco I k, evaluated when F i l e  i s  operating at s teady-state  power l e v e l  

= 3 (see Equation 19) 
a 

hfg = enthalpy of  vaporization of moderator, Btu/# 

L height of reac tor  shaped as r i g h t  c i r c u l a r  cylinder 

Lo = L evaluated when reactor  i s  operating i n  t h e  stead;.-state 

m = mass of f l u i d  i n  reactor ,  = f V r  

~2 = migration area 

p = pressure ins ide  reactor ,  ?si8 

P = nuclear power of reactor ,  kw 

Po = P evaluated under steady-state conditions 

R e radius o f  reac tor ,  f t ,  

R = average dis tance a bubble has t o  t r a v e l  t o  reach t h e  steam chest,  f t .  
- 

t - time, see.  

taVe average time a bubble spends i n  reactor  proper, see. 

u = k (1 - p )  - k, 

v P average r i s e  velocity of bubble r e l a t i v e  t o  reactor  s h e l l  

excess prompt r e a c t i v i t y  
- 
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I 

b 

4 

V f  v - f r a c t i o n  of vapor i n  reac2ox f l u i d ,  = - 
B '  vr 

. vg(o) = vg evaluated when reac tor  i s  i n  t h e  steady-state 

Vf = volume of vapor i n  reactor  proper, cue f t .  

V 1  = volume of l i q u i d  i n  reac tor  proper, cu. f t .  

Vr = volume occupied by reac tor  f l u i d  .= Vf 4 Vl 

Vr(0) = vr evaluated when reac tor  i s  i n  the  steady-state 

Vs = volume of vapor i n  steam chest,  cu. f t .  

VSt = t o t a l  volume of vapor i n  un i t ,  = V, + Vf 

w = l / ( f -  b)  

0~ = 34i3/360O Btu/kw-sec, 

= f r a c t i o n  of neutrons from f i s s i o n  which are delayed 

pi = f r a c t i o n  of neutrons having decay c h a r a c t e r i s t i c  hi 

e dis t r ibu ted  time delay i n  bubble formation 

decay constant including a number of delayed neutron groups 

'xi e decay constant of delayed neutron emitter 

X o  = reciprocal  Lifetime of  prompt neutrons (Equation 8) 

(e) = normalized d i s t r i b u t e d  time delay f m r t i o n  

f = reactcr f l u i d  density,  l b / c u , f t  y ,  = ru/V, 

Po = feva lua ted  when t h e  reactor i s  12 t h e  steady-state 

f g  

p1 = density of reac tor  l i q u i d ,  lbs/cu,  ft, 

r= power r a t i o  = P / P ~  

densi ty  of vapor i n  reactor ,  Ibe/cu.ft, 

= f i n i t e  time delay i n  bubble formation 
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