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I. INTRODUCTION 

The KEWB Reactor is a prototype 50 kilowatt aqueous homogeneous research I 
reactor equipped with the necessary auxiliary apparatus and instrumentation 

for the study of transient behavior - see reference (11, (3). The core is a 

12% inch I.D. stainless steel spherical shell containing 11.5 liters of 

fuel solution. The fuel solution is 0.75M,U02S04* 3H20 dissolved in 0.5M 

sulphuric acid acidified solution. The core is contained within a cubic graph- .r . . 
ite reflector 56 inches on a side. During the past three years approximately 

go0 transients have been performed in the effort to determine the details of 

the kinetic behavior of this type of reactor. The experimental data with 

analytical interpretation have been published from time to time and will be 

found in references (21, (‘31, (41, (51, and (6). 

Analyses of the experimental data have shown that shutdown mechanisms other 

*This paper was presented at the Summer Meeting of American Nuclear Society, 
Gatlinburg, Tenn., as Paper 25-3, 6/15/59. 

**The studies reported here are part of the Kinetic Experiment Water Boiler 
(KEWB) program conducted by Atomics International for the Reactor Safety 

, Branch of the United States Atomic Energy Commission at Santa Susana, Calif. 
AT-(ll-l)-GEN-8. 
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than temperature become dominant in transients with periods less than 15 milli- 

seconds. For example, thermal expansion of fuel solution accounts for only 20% 

of the total reactivity compensated at the time of peak power in a power excur- 

sion with a two millisecond reactor period. (2) All available evidence supports 

the.contention that the non-thermal component of the compensated reactivity is 

the result of void growth, and that this void is made up of many very small 

radiolytic gas bubbles with internal pressures in the range of 10 to 1000 

atmospheres. Therefore, in order to understand the dynamic behavior at KEWB, 

we must be able to account quantitatively for the very rapid growth of small 

bubbles. 

A number of theoretical models have been constructed to account for the 

observed dynamics of bubble growth in KEWB.. for example, (a> diffusion growth 

in a homogeneous solution, (b) surface nucleation followed by diffusion, cc> 

coalescence of small bubbles, (d) interaction of active fission tracks, (e> 

fission track "explosion' followed by diffusion, and (f) charged bubble growth. 

These models failed for one or more of the following reasons: (a> they pre- 

dicted that the void will decrease as time available for growth decreases, 

contrary to observation; (b) th ey required lifetimes for transitory physical 
L. ' 

and chemical reactions far in excess of any plausible value; cc> they required 

times for bubble growth in excess of that available; (d) they predicted a 

dynamics of void growth contrary to observation. 

The only model studied which is consistent with the experimental data in- 

volves the repeated interaction between fission fragments and bubbles. In this 

model, it is hypothesized that during the interaction a fraction of the radioly- 

tic gas produced in the fission track wakeis transferred into the bubble either 

by surface tension or diffusion which leads to void growth. The initial bubbles 

are produced within the wake of a preceding fission fragment. They are believed 

to be limited to sizes of the order of lo-"cm 
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Experimental Observations 

The basic characteristics of the void have been determined from exper- 

imental data. They will be reviewed briefly. 

1. The appearance ofexpansicn pressure in transients with periods less than 

15 milliseconds is proof that the core contains voids. 

2. The time available for growth decreases as,the rate of void formation and 

the total amount of void produced increases. This fact is easily demon- 

strated from a study of void compensated reactivity as a function of 

period. 

3. The void is virtually incompressible for pressure changes of up to 30 

atmospheres, which have been produced by the expansionpressure. This fact 

leads to the conclusion the void must be present in the form of bubbles 

with high internal pressure. Small bubbles have the high internal pressures 

required to be consistent with this observation. This point removes from 

consideration bubbles with radii larger than 10 -5cm , at least until after 

peak power has been reached. 

4. The fact that the solution temperature can be raised to within a few degrqes 

of the boiling point at the start of a transient without affecting dynamic 

behavior, and the relative pressure insensitivity of the void are both 

strong evidences that steam is not the shutdown mechanism. 

5. The quantity of gas produced during a transient is sufficient to fill 

small bubbles to a high internal pressure. Radiolytic gas production re- 

presents 4% of the energy dissipated in the core. 

Proposed Model of Void Growth 1 

The proposed model is based on the following assumptions: 

1. The very small bubbles being considered in this discussion are assumed to 

have a lifetime greater than 20 milliseconds. These bubbles are sub- 
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critical in size. Therefore, according to classical thermodynamics, they 

should collapse in times much shorter than 20 milliseconds. However, there 

is a considerable body of experimental evidence in the literature, (71, (81, 

(9) 9 and (3.d which can be used to support the contention that small bubbles 

or nuclei can exist for times substantially longer than this. 

2. The space independent reactor kinetic equations can be used with appropriate 

coefficients to determine system void volume at any time during the tran- 

sient, seereferences (2) and (11). 

3. The average temperature of the gas in the void is assumed to be the same 

as that of the solution temperatures at the same time (12. 

4. The number of moles of gas available in the system at any time during a 

transient is the product of the statically determined energy coefficient of 

gas production (C) and the energy release, or 
t 

f- 

Therefore, 

b-I(t) = G 'E (t) 

5* It is assumed that the pressure inside the bubble due to surface tension is 

2d given by F , where ‘d is the surface tension. In other words, the system 

hydrostatic pressure?, is negligible compared to surface tension pressure. 

6. Finally, bubbles grow as the result of gas transfer from a fission track 

to the bubble in fission track bubble collisions. 

Treatment of an Ensemble of Small Bubbles, The Average Bubble Radius 

An ensemble of bubbles may be described in terms of several different 

weighted averages of bubble radius. The most useful average is one weighted 

by the number of moles of gas in each radius interval. 

Consider an ensemble of gas bubbles where the number of bubbles with radius 
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between r and ?+-dr is %(ti>. Assume for the moment that the bubble size dis- 

tribution function E (r) is known andisacontinuous function of bubble radius 

in the interval from the smallest bubble radius (PO) which contains just one 

gas molecule per bubble up to a maximum radius bubble (Pw> for the ensemble. 

The number of moles of gas (n> contained in any one bubble of radius r is: 

-Pv 2Y %P3 _ 8nTrZ h=cT = T;Q3T - _ 
3 RoT 

(2) 

where RO is the gas constant per mole and T the absolute temperature. The 

total number of moles of gas contaihed in x(P) bubbles of size r in the radius 

interval dr is: 

and the total moles of gas in the bubble ensemble is: 

The mole-weighted average bubble radius is 

~mole I rdN 
=- 

I” d 
- - 

(3) 

(4) 

(5) 

The denominator of equation (5) is easily identified as the total number of 
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moles of gas in the bubbles which make up the ensemble, N. By rearrangement 

of the numerator as indicated in equation (5) one is able to recognize the 

integral as the sum of the volume of each bubble making up the ensemble or the 

total volume occupied by bubbles v8. Hence, equation (5) becomes 

(6) 

and by defining an effective bubble pressure 
% 

zig as equal to - 
F-n ok 

, then 

equation C.6) becomes 

which has the same form as the perfect gas law. The similarity in form between 

(7) and the perfect gas law suggests that the behavior of the ensemble under 

compression may be treated using 
-63 0 

and\/ in Boyle's law. Detailed examination 

of this question has shown that the ensemble never exactly follows the Boyle's 

law relation. However, numerical investigation, assuming different bubble size 

distributions, has suggested that the errors introduced by using Boyle's law 

are relatively small ( (10% 1. Unless bubble size distribution anomalies exist 

in the fuel solution which renders the deduction based on these numerical compu- 

tations greatly in error, one can say that I - is a good measure of the compres- 
-PB 

sibility of the bubble ensemble. 

The value of the mole-weighted average bubble radius is readily computed 

from the experimental data. The volume occupied by the bubbles is obtained 

from the void compensated component of the reactivity and the void coefficient 

of reactivity. The number of moles of gas produced is simply the energy released 

times the static gas production coefficient. The value of' 7 Ma/o can be com- 
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puted at any time during the transient without knowledge of [ (Y'>. 

In Figure (1) the value of FM& at the time of peak power is plotted 

versus reactor period for a group of KEWB transients. In the period range 

from 20.0 set to 0.1 set, the energy release up to the time of peak power 

varies less than ~10% of the average value. However, in the same period range 

the average bubble size at peak power decreases rapidly as the period decreases. 

Gas filled voids are ineffective as a shutdown mechanism in this region because 

the gas is contained under high pressure, i.e. small volume. As the period 

becomes shorter than:O.l second the bubble size increases from about 10 -4 to 

$0~Ll . Hence, the internal pressure of the gas in the bubbles will be between 

140 and 114 atmospheres. Fuel solution containing bubbles will have a much 

larger compressibility than that of the bubble-free solution; however, as 

required by experiment, the compressibility is still small enough so that the 

expansicn pressure has relatively little effect on total void volume. 

The change in mole-average bubble radius as a function of time during 

the power excursion is shown for a fast transient ('&3.j,!tmillisecond$ in 

Figure (2). The validity of the mole average bubble radius has been checked by 

comparing the time it takes sound to traverse the core with that computed using 

the bubble radius of Figure2 and the volume fraction of gas present in the 

core (13). The comparison is made in the following way: 

It will be shown later in this paper that from both experimental and 

theoretical considerations that the rate of void production is proportional to 

the product of power and energy, i.e., proportional to p l E (see equation. 16). 

Void formation is the driving force for the production of expansicn pressure. 

Hence, the time lag between the peak of thef)E driving function and the observed 

peak in theexpansionpressure is a measure of the time required for sound to 

cross the fuel solution. This time lag from the experimental data is about 

1.1 milliseconds corresponding to a speed of sound of 196 m/set. 'The value 
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computed from bubble size and volume is 200 m/set which is in excellent agree- 

ment. While this agreement may be somewhat fortuitous, it does indicate that 

equation (6) is a good description of the void. 

Later in the transient (shown in Figure 2) in the time region between 43.8 

millisecondsand 52 milliseconds a shock wave, which was formed by the constrict- 

ing effects at the top of the core, required 8.2 milliseconds to reach the 

bottom of the core. This corresponds to sound velocities of38 meters per 

second. A bubble size of about 5 x lo-%mwould yield this velocity of sound 

when the original core solution just filled the sphere giving a 15% void volume. 

The average bubble radius computed from equation (6) in this time .interval, is 

about 4 x 10 -5 cm, again in excellent agreement. 

Interaction Model of Bubble Growth 

In the preceding section we have shown that a meaningful physical descrip- 

tion of the void is possible in terms of an average bubble radius computed via 

equation (6). We therefore are now in a position to investigate quantitatively 

the concept that collisions between fission tracks and bubbles result in the 

bubble growth phenomenom observed in the KEWB reactor. 

The number of collisions per unit time between a fission fragment and a 

bubble will be the product of the fission fragment flux times the microscopic 

bubble cross-section. The average fission fragment flux is proportional to 

the average reactor powerP(t) 5 The constant of proportionality can be readily 

shown to be the product of the conversion factor between power and number of 

fission fragments per second, 6.1 x 1016/Mw, the average range of the fission 

fragment C. , and reciprocal core volume \ 
V 

, that is: 
COW. 

p(, t, = 6.2xlo’6 E (P&l 
F v LOI-CZ 

(8) 
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The microscopic bubble cross-section is defined as the geometrical projected 

area of the bubble,TTr2. The number of collisions per bubble in a second is the 

fission fragment flux times the microscopic cross section. Hence, it is apparent 

that the large bubble will have a much higher probability of collision than a 

small bubble. If each collision leads to 

future interactions increases rapidly with 

The macroscopic bubble cross section 

cross sections of each bubble present in a 

bubble growth, then the chance of 

each collision. 

(Xg)is the sum of the microscopic 

cubic centimeter of fuel solution. 

The number of bubbles per unit volume of the solution 

I Number of bubbles = - 
v coee 

Therefore, 

is: 

And, with,recourse to equations (4) ,and (1): equation (10) becomes: 

( 9) 

(11) 

The resulting macroscopic cross section is independent of bubble size, or the 

bubble size distribution function. Since the lower limits of the integration 

included bubbles with just one molecule of gas per bubble, no distinction need 

be made between dissolved gas and gas contained within larger bubbles. It is 

clear that the void volume and gas volume are not identical. In particular, a 
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one molecule bubble will not contribute to the void. However, as a result of 

the r2 in the averaging processes discussed earlier , this distinction leads to 

small departures from the description given by equation (6). The number of 

collisions between bubbles and fission fragments is, then 

Substituting equations (8) and (11) into (13) gives 

Letting C be equal to the constant and approximately constant terms,equation 

(13) becomes 

The value ofEis 

6 = 3,3 x Id4 co\llslons 
cm3 (Mw- 5ccy 

( 14) 

(15) . 

It is most interesting to note that the number of collisions per unit 

time is dependent only on the product of power and energy. The analysis of the 

experimental data shows that the void volume also depends only on the product 

of power and energy, (2) and (101, that is \ 

( 16) 
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or (16) a 

2 
V= 

The value of 7) determined from the experimental data is 500 m1 ') .? 
?Mw-secl 

This value is based on the conventional six delayed neutron group reactor kin- 

etic equations. The discovery of an inhour equation anomaly, which is believed 

to result from the moderation of fast neutrons in the graphite reflector followed 

by their slow diffusion back into the core, has complicated the problem. The 

effect has been dealt with by assuming the neutrons behave like an additional 

delayed neutron group. The parameters of this seventh group have been tenta- 

tively assigned a value which gives a$ of about 72 ml 
blw-see)? This latter 

figure, while not exact, is undoubtedly a more meaningful number than that 

obtained from the conventional six group reactor kinetics equations. 

If a volume of gas transferred into the bubble per collision is a constant 

amount K per collision, then the rate of void growth will be 

(17) 

The number of collisions per second per unit volume must be multiplied by the 

core volume Vcow to obtain the total rate of void growth. Returning to equation 

(14) f or the number of collisions, equation (17) becomes 

(18) 

where K,& and Vcore are constant. The form of equation (18) is now identical 

to the experimentally determined empirical equation ( 16). Therefore, the 

constant terms can be equated so that 
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and the value of y can be determined as1.9 x 10 -16 ml / collision. 

An alternate assumption to the constant volume increment per collision is 

the concept that a constant number of moles are transferred'on the average 

per collision. Consider one bubble, then let a constant average number of moles 
-_ * 

of gas 5 be deposited in the bubble per collision. ( ) Then, the radius r( of the 

bubble after the t" collision will be 

I 

- ‘/z 

(34 + n,) 
(20) 

Where YIO is the number of moles of gas in the original bubble. 

initial bubbles produced without interaction in the fission track wake are 

The 

believed to have a radius comparable to the radius of the intenselyionized 

region of the track which is probably about 5oi . A bubble 50; in radius 

contains 3.4~10~ molecules of gas. From the static gas production coefficient, 

one can compute that 1.7~10~ gas molecules are produced in each fission track 

wake. If only l.O%of the gas in the track were transferred to a bubble per 

collision, then it is clear that the number of moles of gas in the bubble would 

be negligible. Therefore, n, in equation (20) is negligible and the volume 

of the bubble Va ' tr, 
L 

after the (,-- collision is 

(211 

The next step is to compute the microscopic cross section for the non- 

collided, lst, 2nd, . . ..collided bubble groups. This computation requires a 
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knowledge of the bubble size distribution function b) P as a function of time 

during a transient. No attempt has been made to solve this problem. However, 

progress can be made in a more restricted case where it is assumed that only one 

collision per bubble can occur. Under this restriction !.=\ and equation (21) 

becomes 

4TT 3w- 3/z 

.( ) 

3/2 

v;,, = 3 8jj n m (22) 

All of the terms in the right hand side of equation (22) are constant, therefore 

V Lt, is constant and is equal to the volume of gas transferred per collision, 

but this is equal to K in equation (12). Therefore, the assumption of only 

one hit per bubble converts the constant-mass-transferred-per-collision model 

into the constant-volume-transferred-per-collision model. Setting equation 

( 22) equal to the value of Y (1.9~10 -16 ml/collision), and solving for "n 9 we 

obtain 3*0 x lO-'r?oles, or 1.8 x 10 5 molecules per collision. The value of 

n is, therefore, a factor of 1000 larger than n, . This show 2 &&umption that 

no can be neglected is valid. 

The number of molecules transferred is about 10% of the gas available 

along the fission fragment track. Therefore, it is apparent that more than 

sufficient radiolytic gas is available in the track, and that the number of 

collisions are adequate to explain the KEWB reactor bubble growth. The restric- 

tion of one collision per bubble is not very realistic; therefore, 10% of the 

gas available is an upper limit for transfer from a fission track,to a bubble. 

The more reasonable constant mass transferred ner collision theory which permits 

multiple collision will have the effect ofdocrea sing .the vali:je of <. 



The more general computation of void growth assuming multiple collisions 

with constant mass transfer will resemble the constant volume computation in the 

early stages of the transient. In this time region of the transient relatively 

few single collided bubbles will be present compared to the non-collided bubbles. 

As the transient proceeds, aver, the inventory of once hit bubbles will increase 

so that multiple collisions will become important. Khen this happens, the void 

growth will be faster than that given by the power and energy product model. The 

difference between the two models could be expressed in terms of some appropriately 
‘i- 3/r 

averaged . The value of i may be relatively unimportant until after peak 

power in the very fast transients. 

Preliminary analysis of the experimental data using the '7th reflector delayed 

' neutron group suggests that the gas volume is proportional to a power of energy 

release higher than the square given by theF)E model, especially in the post peak 

power region. A more detailed study of the void growth as a function of time will 

be possible as soon as the parameters characterizing the 7th group have been more 

accurately determined. 

Conclusions 

1. 

2. 

3. 

4. 

5. 

6. 

The model is consistent with the experimentally observed reactor behavior. 

The model quantitatively predicts the production of a void consisting of 

very small bubbles. 

The model leads to a rate of void production which increases as the reactor 

period decreases, which is consistent with experimental data. 

The interactions have a sufficiently high probability of occurrence to 

explain void growth. 

The gas transferred from a fission fragment track to a bubble during the 

collision is but 10% of that produced in the track. 

The appearance and character of the expansion pressur,e is consistent with 

the model. 
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Summarx 

The void is considered to consist of an assemblage of radiolytic gas 

bubbles It is shown that the void obeys the same equation of state as the 

individual bubble, providing the correct average bubble radius is used. This' 

average radius leads to a prediction of the velocity of sound in agreement 

with experimental data. 

The rate at which bubbles are hit by fission tracks is shown to be propor- 

tional to the product of powe~r and energy. The rate of void growth is also 

(approximately) proportional to the product of power and energy. This has 

lead to the conclusion that collisions between fission fragments and bubbles 

are responsible for void growth. 

The interaction model is still under development. So far no major objec- 

tions to the theory have developed, but the matter is being explored further 

with a capsule type of experiment where void production will be measured 

directly as a function of time. It is felt that some of the details of the 

theory may change with time, but the broad picture of void consisting of small 

bubbles and growth as a result of interaction will remain. 
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