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I. ABSTRACT AND INTRODUCTION

The Kinetic Experiment on Water Boiler (KEWB) reactorisa50-kw aqueous
homogeneous research reactor which was designed to study the safety character-
istics and dynamic behavior of this class of reactors. When the reactorisplaced
on a short-period power transient, its aqueous uranyl sulfate fuel solutionbecomes
rapidly supersaturated with hydrogen gas produced by the radiolysis of water.

At a critical gas concentration, fission track nucleation of hydrogen bubbles oc-
curs. The rapid formation and growth of these bubbles creates a pressure field,
the so-called inertial pressure, which causes an increase in solution volume.
This increase in solution volume, referred to as void, causes a loss of reactivity

and constitutes an important shutdown mechanism.

This report describes the conditions under which fission track nucleation of
gas bubbles occurs. It shows that the void volume and void compensated reactivity
can be calculated from a knowledge of the pressure field, Simple models for the
pressure field are presented which satisfactorily describe the observed pressures.
The inpile capsule and KEWB experiments which confirm the validity of the mech-

anisms for these processes are described.

The equations and data presented in this report make it possible to predict
with accuracy the onset and magnitude of the inertial pressure and the dynamic

reactivity for a large class of aqueous homogeneous reactors.
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II. FISSION TRACK NUCLEATION OF HYDROGEN BUBBLES
IN URANYL SULFATE SOLUTIONS

During steady-state operation, or in slow transients, the gases produced by
the radiolysis of water are removed continuously in the form of gas bubbles from
the fuel solution. These bubbles are nucleated at various sites on the surface of
the core vessel, cooling coils, and other stainless-steel surfaces in contact with
the fuel. During fast transients, however, diffusion of gas from the fuel to these
sites is too slow for surface nucleation to be effective. Instead, the hydrogen
gas concentration increases until, at a critical concentration, the reactor behaves
like a gas bubble chamnber;l i.e., gas bubbles are nucleated by the fission tracks.
Inpile capsule experiments (see Appendix A) and the KEWB experiments* have
led to a rather clear picture of this nucleation process. This permits a predic-
tion of the conditions under which fission track nucleation will occur and, hence,
of the onset of inertial pressure. Adetaileddescription of fissiontrack nucleation

is presented below.

The stability requirement for a gas bubble in a supersaturated solution is:

p; =K(T)IC_=—R~" +p, > .o (1)
g
where
P, = internal gas pressure of bubble,
K = Henry's constant,
Cc = critical gas concentration in liquid,
o = surface tension of liquid-gas interface,
Rg = bubble radius, and
Py = liquid pressure.

The dependence of K and O on the temperature, T, is shown explicitly. The
results for the dependence of the critical H2 concentration on temperature are
shown in Figure 1. The solid lines are calculated from Equation 1 under the

assumption that the radius is fixed. The observed points were obtained from the

*For a description of the KEWB cores, refer to References 2 and 3. A summary
of the various core performances can be found in Appendix B.
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T T I T KEWB "A'" reactor and are the I—I2 con-
0003 - R=4x10" cm ] centration atthe center of the core when
%Z)g \ok the inertial pressure makes its appear-
55 ance. The fuel concentration was
3§ 0002 }— ° —
+ \5\_‘;\0 180 gm U/4, and the liquid pressure
© o R=5x 1078
=8 - > varied from 15 to 75-cm Hg. As can
55 o
§§“0001— Rz6x106cm” —|  be seen, a plot of Equation 1 with a
z -
=€ fixed radius of 5 x 10 6 cm independent
| L | | of temperature gives fair agreement
20 40 €0 80 . )
LIQUID TEMPERATURE (°C) with the data. Figure 2 shows results

Figure 1. Critical Hydrogen for the critical hydrogen concentration

Concentration as a Function as a function of liquid pressure for two
of Liquid Temperature

values of surface tension. The solid

lines are calculated from Equation 1 under the assumptionthatthe radiusis fixed
at b x 10.-6 cm. The observed points were obtained from inpile capsule experi-
ments (see Appendix A). The circles and squares represent data obtained with

0 = 75 dynes/cm and o = 35 dynes/cm,

Q003

o =75 dynes/cm

respectively. The surface tension was

reduced to 35 dynes/cm by the addition

0002

of surface active agents, either Sterox

A.J. or Aerosol O.S. The fuel concen-

o =35 dynes/cm
o000l

tration was 250 gm U/Z, and the liquid

MINIMUM H, CONCENTRATION
GM Hy/ 100 GM SOLUTION

temperature was 35 and 30°C for the

75 and 35 dynes/cm solutions, respec- o I 200
: . LIQUID PRESSURE, PSIA
tively. Here again, aplot of Equation 1

Figure 2. Critical Hydrogen
Concentration as a Function
equately represents the data. Addi- of Liquid Pressure

with a fixed radius of 5 x 10—6 cm ad-

tional inpile capsule experiments at a uranium concentration of 400 gm U/{ were

6

also consistent with a nucleation radius of 5 x 10"~ cm.

The data thus lead to the conclusion that gas bubbles are nucleated at a fixed
radius of 5 x lO-6 cm independent of temperature (20 to 80°C), liquid pressure
(1 to 10 atm), surface tension (35 to 75 dynes/cm), dissolved gas concentra-

tion (1.0 to 2.5 x 10_3gm Hz/lOO gm solution) and uranium concentration
(170 to 400 gm U/4p).
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The pressure data also imply that nucleation, in agreement with Equation I,

is a threshold phenomenon; that is, the liquid pressure rises abruptly when the .

hydrogen gas concentration exceeds CC. But this behavior also implies a very
short lifetime for the nucleation centers formedinthe fission tracks when the
gas concentration is less than Cc' For example, in the 18-f KEWB ""B'" core
no pressure rise (0.1 atm is readily detectable) was observed for fission rates
as high as 1019 fissions/sec, the gas concentration in solution being well below

critical. The number of bubbles in the core is governed by

daN _ N
dt—-£+s , o (2)

where

N = number of bubbles in core,

S = number of bubbles born per unit time, conservatively assumed
equal to fission rate, and
£ = lifetime of bubble.

If S can be considered constant over time intervals much larger than £, then it

can be shown that a solution of Equation 2 is

N=S¢z . .. (3)

These N bubbles should lead to an observed pressure change, Ap, given by

Slvb
Dp = g2 e (4)
{ core
where
vy T bubble volume,
Kl = compressibility of liquid, and
Vcore = core volume.

Using values of Ap = 0.1 atm, as a maximum value for a pressure change

that might escape detection, S = 1019

5.25 x 1071% cm3, andk, = 5 x 107

4 3 _
bubbles/sec, V gre = 1.8 x 10" cm yVp =

atm” 1, an upper limit for £ of ~10 pusec is

NAA-SR-7086
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obtained.

Epstein and Plesset4 have derived an analytical expression for the

time of complete solution of a gas bubble in an undersaturated liquid gas solution

taking surface tension effects into account. Figure 3 shows the complete solution

T TTTTT

T

FTTTTI

COLLAPSE TIME (sec)

P S T N SR N N B

0 Ol 02 03 04 05 06 07 08
£ GAS CONCENTRATION IN LIQUID

* SATURATED GAS CONCENTRATION AT
A LIQUID PRESSURE 22+ py

09 10

Figure 3. Collapse Time of Gas Bubble
in a Uranyl Sulfate Solution as a

Function of Gas Concentration

time for a hydrogen gas bubble based on
Epstein and Plesset's work. The curve
for a bubble of 5 x 10_6

agreement with the 10 psec lifetime

c¢m radius is in

provided the gas concentration is less
than 50% of the critical gas concentra-
tion. The smallest observable time
interval on the data recording instru-
mentation is 2 x 10"~ sec. Figure 3
shows that the gas concentration must
be 96% of critical before the bubble life-
time reaches this value. If the bubbles
were much larger, say 10_5 cm in
radius, then, as can be seen from Fig-
ure 3, a lifetime of 2 x 10_4 sec would
be achieved at a gas concentration of
87% critical, and the pressure would

begin to rise smoothly before the crit-

ical concentration was achieved. If the
bubbles were much smaller than
5 x 10_6 cm in radius, say 10_6 cm,

then a lifetime of 2 x 10” ~ sec would be
achieved ata gas concentration of 99%
critical, and the pressure rise would
be even more abrupt than is observed,
virtually showing a discontinuity in the
initial slope of the pressure curve. In

all experiments, the pressure appears

rapidly, but never in the form of a

discontinuity; a small curvature is always discernible at the start of pressure

(see Figures 22 and 23).

a nucleation radius of 5 x 10~

cm.

Thus, lifetime considerations also are consistent with

NAA-SR-7086
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A hydrogen bubble 5 x 10~6 cm in radius submerged in a liquid with a sur-

face tension of 70 dynes/cm contains 3.5 x lO5 H2 molecules., For the observed

GHZ value of 1 molecule of HZ/IOO ev, it is easily found that an energy release

of 35 Mev is necessary for the production of this amount of gas.

Ghorrnley5 has shown that fission tracks nucleate vapor bubbles 1.4 i in
diam in supersaturated uranyl sulfate solutions. The formation of such vapor

bubbles requires an energy release of ~30 Mev and is arrived at from

43 2 do
E, =37R(p, - p,)* 47R" (0~ T, 37 )
4__3 T, 3.2
+27R7 S f (c)dT+L +27S R°R ... (5)
3 v v Ji
Tl v

when

R = vapor bubble radius,

P, ~ liquid pressure,

p. = vapor pressure,

o = surface tension of liquid vapor interface,
T, = liquid temperature,

= vapor density at pressure,

81 = liquid density,

T, = vapor temperature,
(C,) = specific heat of vapor at constant volume,
v

L = latent heat of evaporation of liquid at temperature Tv’ and

R = velocity of bubble wall.

NAA-SR-7086
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The term 4/37TR3(p£ - pv) is the work done in creating a spherical hole of radius,
R, against a liquid pressure, Py rzninus the work returned by filling it with vapor
at a pressure, P, The term 4mR ':U- (dO‘/dT)T] represents the surface energy
of the bubble. The term

represents the work done in vaporizing the liquid to a temperature Tv' Finally,
the term 27 RBR2 represents the kinetic energy imparted to the liquid. If R is

well below the velocity of sound in the liquid, then the dominant term is the third.

In solutions with temperatures below boiling, an upper limit for the lifetime

of a vapor bubble is given by

: - RS o (6)

where D = thermal diffusivity for the liquid. Letting R =7 x 10“5 cm, as
observed by Ghormley, and D = 1.5 x 10-3 cmz/sec, a value of T = 8 x 10-7 sec
is obtained. Plesset and Zwick6 have shown that the collapse time of small
vapor bubbles differs little from the collapse of a spherical cavity as solved by

Rayleigh. According to Rayleigh, such a cavity collapses in a time

1/2
T = 0.92R<§£> (T
Py

8

Letting R = 7 x 107> cm, 3, = 1 gm/cc and p, = 1 atm, a value of T = 6 x 107

sec is obtained. Argumenti based on the pressure trace similar to those used
in estimating the lifetime of gas bubbles suggest that the lifetime of a vapor
bubble is not larger than 10-8 sec. Clearly, the lifetime computed from the
pressure trace is based on the average bubble size and will be smaller than the
lifetime computed from Equations 6 and 7 based on the maximum size. More-
over, Equation 7 neglects surface tension effects, which will speed the collapse

of the cavity, and thus somewhat overestimates the lifetime.

NAA-SR-7086
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The nucleation picture of gas bubbles in uranyl sulfate solutions with tem-
perature below boiling appears, therefore, as follows: the fission fragments
lose 30 Mev along the central 4 fLof the track, resulting in the formation of a
mixed water vapor hydrogen bubble 1.4 in diam and containing ~4 x 105 H2 mole-
cules, Thevapor condenses in'\JlO_8 sec, leaving ahydrogen bubble 5x 10-'6 cm in
radius. The hydrogen bubble dissolves in about 10 usec unless the gas con-

centration in solution equals or exceeds that given by Equation 1.

In applying these results toward predicting the energy release necessary for
bubble nucleation in any aqueous homogeneous reactor, let the neutron flux, D,

be specified and separable in time and space, or

Dir,t) = P(r)f(t) . ... (8)
The H2 concentration at a point r and time t is then
t
or, ) = ear, T giniets) ae
= Gy, ZrIE() L (9)
2
where
€ = energy release per fission,
Ef = fission cross section, and
GH = number of hydrogen molecules formed per unit energy release.
2

When C reaches a value given by Equation 1, stable bubbles are nucleated. This
will occur first in the region of peak flux. The total energy released in the core

up to that moment will be

E_-= aIZwa F(t) ... (10)

core

NAA-SR-7086
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where aj is a constant depending on the unit system in which E is expressed, and
. q_Sis the space average of the flux. If E is expressed in Mw-sec, then
a=1/3x 10716 Mw - sec /fission. Replacing ¢ (r) in Equation 9 by cf)p, the peak

flux, and combining this with Equation 10, the following is obtained:

Veore)
Ec :( €G§56>¢pcc . .o (11)

Equation 11 was applied to the various KEWDB cores; the results are given in
Table I. . The small difference between computed and observed values are well
within experimental error. For convenience, GHZ values as a function of
uranium concentration are reproduced in Figure 4_7 Values of Henry's constant

for various uranyl salt solutions are reproduced in Figure 5.

2.0
18 -
© FISSION ENERGY/ TOTAL ENERGY =0995
16 = A FISSION ENERGY/ TOTAL ENERGY= 0.906
-
Q
Q
~
N
X
=
ul
-
2
O
ul
|
2
=
o
I
(V)
04 —
| ] 1 |
0 100 200 300 400 500

CONCENTRATION, gm U/Z# SOLUTION

Figure 4. Effect of Uranium Concentration on
Hydrogen Gas Yields From Irradiated
Uranyl Sulfate Solutions
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TABLE I

COMPARISON OF PREDICTED AND OBSERVED ENERGY RELEASE
NECESSARY FOR VOID FORMATION IN KEWB REACTORS

Fuel Solution ¢ Ce ) Ec Ec
Core Mass P |&em HZ/IOO gm Solution Predicted | Observed
(gm) 4’ Tl =30°C, P, = 1 atm (Mw-sec) | (Mw-sec)
IIAH
Underfull 13,000 2.0 0.0020 0.6 0.6
HBH
18 Liter 20,000 2.5 0.0024 0.8 0.9
”B”
26 Liter 27,000 2.5 0.0026 1.1 1.2
HB”
Bare 29,000 3.0 0.0018 0.9 1.0

)

A- OXYGEN IN URANYL SULPHATE SOLUTION
Y B- HYDROGEN IN URANYL SULPHATE SOLUTION
C- OXYGEN IN URANYL FLUORIDE SOLUTION
D- HYDROGEN IN URANYL FLUORIDE SOLUTION

09

o8

o7

SOLUBILITY IN URANYL SALT SOLUTION
SOLUBILITY IN WATER AT THE SAME TEMP AND PRESSURE

06

05

04 |-
S S Y I N T RO I SN Y Y S N ¢

0 20 40 60 80 100 120 140 160 180 200 220 240 260
URANIUM CONCENTRATION (gm/.£)

RaTIO (

Figure 5. Ratio of Solubility of Hydrogen
in Uranyl Salt Solutions to its Solubility
in Water as a Function of the
Uranium Concentration
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1. CALCULATION OF VOID COMPENSATED REACTIVITY FROM A KNOWLEDGE
OF THE INERTIAL PRESSURE

The sudden introduction of gas bubbles into the reactor core and their sub-
sequent growth leads to the creation of a pressure field which forces an increase
of solution volume. The rate of this void growth can be calculated from the pres-

sure data. Consider a system obeying the hydrodynamic equation

%’ = -Vp ... (12)
where
d = density of the medium,
¥ = velocity of a volume element at position r and time t, and
p = absolute pressure at position r and time t.

In the KEWB ""B'" cores, changes in the solution density are known to be
small (< 10%) during a reactor transient, and motion is restricted to the vertical,
or z direction, only. Therefore, ¥ may be replaced by dz/dt and the assump-
tion made that O is a constant. It can be further assumed that p is separable in
time and space; i.e., p = p(z)f(t). This assumption is supported by the fact that
three pressure transducers located at various places on the periphery of the core
during a short period transient show similar pressure pulses; i.e., no time dis-
placement of the pulses could be observed, although the amplitudes differed.

Equation 12 becomes

: :-%dp(z) £(t) ... (13)

A reasonable choice for dp(z)/dt is -(po /h), where P, is the magnitude of the
pressure change seen by the pressure transducer located at the bottom of the
core, and h is the height of the fuel solution. This choice (which implies that p
is of the form p = -p,(z/h) + P, + Py the plane z = 0 corresponding to the bot-
tom surface of the core, and Py being the external pressure) is in agreement
with the observation that the magnitude of the pressure decreases in the direction
of the free surface. The solution of Equation 13 is then
1 Po t
2 = 332 (e~ senar ()

o

NAA-SR-7086
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Figure 6. Comparison of Meas
ured and Calculated Volume
Change in Bellows Capsule
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Figure 7. Volume Change in Core
as Calculated From Pressure
Trace and Power Trace

In the case of the capsule experiments, a

direct measurement of the capsule volume .

change permitted verification of Equation 14;
i.e., the z derived from the pressure
traces and Equation 14 agreed with the meas-
ured volume change as shown in Figure 6.
(The small discrepancy at large volume is
due tothe spring inthe capsule.) Inthe KEWEH
however, the volume change was not direc-
tly observed; it must be inferred from the
void compensated reactivity. The void com-
pensated reactivity, o is proportional to
to the overall volume change, or the dis-
placement z times the cross section area

A of the core.

t
r =—§%pof(t - t)E(tde ... (15)
(0]

where c is the constant used in converting
from void volume to reactivity units; this
was determined both experimentally and
theoretically, and the two values were in
reasonable agreement. Moreover, the
linear relationship of T, and z was verified

over the range of interest.

The void compensated reactivity ob-
tained from Equation 15 using pressure
data from a representative reactor transient
is shown in Figure 7. This graph also shows
the void compensated reactivity for the same
run computed from the power trace and the
inhour equation as discussed in detail in
Reference 3. The agreement of the two
curves over three orders of magnitude sub-

stantiates the soundness both of the directly ‘

NAA-SR-7086
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observed quantities, power and pressure, and of the mathematical analysis

required to convert these quantities to reactivity.

Thus a knowledge of the pressure field, core dimension, and coefficient of
void compensated reactivity permits a calculation of the void compensated
reactivity as a function of time. The computation of the pressure field is dis-
cussed in the next section; the core dimensions are, of course, known for any

particular core. The coefficient of void compensated reactivity is available from

experimental measurements.

NAA-SR-7086
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IV. THE INERTIAL PRESSURE FIELD

The nucleation and subsequent growth of bubbles gives rise to the so-called

inertial pressure field.

A rigorous mathematical formulation of this problem must consider diffusion
growth together with interaction of the bubbles, creation of gas, coupling of bub-
ble wall to fluid, and distribution in time and space of nucleation. The consider-
ation of all these parameters makes the rigorous solution of the problem enor-
mously complex. Fortunately, a rather simple model allows a very close
estimate of the peak inertial pressure in terms of reactor power density at the
start of nucleation. The time at which nucleation occurs can be calculated from
the conditions necessary for bubble nucleation as has been shown in Section II of
this report. The general shape of the pressure can also be estimated from a
simple model to an accuracy sufficient for calculating the dynamic void char-

acteristics.

In this simple model it will be assumed that all bubbles are nucleated in
2 x 10_4 sec, starting when the energy release E reaches Ec’ the energy release
at which nucleation occurs. The rapid depletion of gas by diffusion into the bub-
bles and the pressure increase due to nucleation and growth of the bubbles re-
sults in cessation of further nucleation of bubbles thereafter. Inthe time interval

of 2 x 10"4t sec, the calculation based on diffusion theory and the amount of gas

in solution indicates that a bubble of initial volume 5 x 10"16 crn3 will grow to
'\—10-.14 cm3. The total volume of gas bubbles will thus be
= 1
vg PO)\vb ... (16)
where
Po = fission rate at the time E reaches E.
A=2x 10-.4 sec, and
- : -14 3
vy T effective bubble volume, 10 cm™.

The gas volume vg is created so rapidly that the core volume is essentially
unchanged during the time of creation. The corresponding pressure change in

the liquid is

NAA-SR-7086
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'X

1 Vg N Yb \/ Po oy Po

p_ = 7 == = CYoer— (17

s core S/\ core core
\

e

or the inertial pressure is a linear function of the power density at the start of

nucleation.

One might expect the cutoff time, A\, and the volume, v,', to be weakly
dependent on the power density. since a larger number of bubbles produced at
higher values of Po will exhaust the medium more rapidly than a smaller num-
ber. However, this is compensated for by the larger gas production at higher
values of Po and in the time interval past EC. Also, as will be shown, the com-
pressibility Ks increases as the bubble volume gets larger, so that the ratio
Vb'/Ks varies much more slowly than vb'.

Moreover, this increase inKs also contributes to an effective cutoff time;
bubbles nucleated a few tenths of a millisecond after Ec will grow in a medium
whose compressibility has increased so that these later bubbles will contribute
less pressure per unit volume than the earlier ones. For these reasons, the
assumption that v.'; X\, and K, are constant does not lead to serious errors. In
Figure 8, the solid line shows the growth of a bubble at l-atm liquid pressure
at fixed gas concentration corresponding to EC. The arrow indicates the assump-
tion of the simple model. Slowing of growth is due to depletion of gas and onset

of inertial pressure. A linear relation

between power density and peak iner-

1T

tial pressure has been observed ex-

perimentally, as is shown in Figures
9 through 12. The four sets of data

presented in these figures, while

RADIUS (cm)

showing a linear dependence of pres-

sure and power density, do not lead to

ESTIMATED POINT AT WHICH BUBBLE

GROWTH IS SLOWED DUE TO DEPLETION . . .
OF MEDIUM AND ONSET OF INERTIAL identical estimates of the constant C'

PRESSURE
in Equation 17. The four sets of data

|t 1 1 | are essentially superimposable if
O o 02 03 04 05 06 O7 08 09 10

TIME (millisec} Equation 17 is corrected for the vari-

ation in GHZ among the cores accord-

Figure 8. Bubble Growth Under Condi-

. . ing to
tions Present at Nucleation
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Figure 9. Peak Inertial Pressure vs Power
Density at Start of Pressure for 11 Liter
KEWB "A'" Core
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Figure 10 Peak Inertial Pressure vs Power Density at Start
of Pressure for 18 Liter KEWB "B" Core
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Figure 11. Peak Inertial Pressure vs Power Density at Start
of Pressure for 26 Liter KEWB "B" Core
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where GO = 1 mol of HZ/IOO ev, and GHZ is the appropriate value for the uranyl
sulfate concentration in the core of interest. Figure 13 shows the data in Figures
9 through 12 replotted according to Equation 18. According to this figure, the

best estimates for C' and p_are 4.2 psi—cm3/kw and 15 psi, respectively.
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Figure 13. Plot of GHZ/GO (PO/V core) vs Peak Inertial Pressure

The constant C' can be calculated from the simple model. Using vb'

10714 crn3, A=2x10"" sec, and K =50x 1070 atm-l, it is seen, from

Equation 17 that C' = 4 x 10-14 crn3 sec/bubble. Now, 1 watt = 3 x 10lo fission/
sec, and assuming one bubble per fission, C' = 20 psi—cm3/kw is obtained in
surprisingly fair agreement with C' = 4.2 psi—cm3/kw estimated from the data.

It should be noted that the compressibility of a bubble liquid mixture is strongly
dependent on bubble size, void volume fraction, and liquid pressure; the exact

expression is

Km=K1(l-f)+ ... (19)

+
P!

L»I-PH-;

e
R
g
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where

K = compressibility of liquid bubble mixture,
K, = compressibility of liquid,
P! = liquid pressure,
f = volume fraction of void,
o = surface tension of liquid-gas interface, and

Rg = bubble radius.

Figure 14 shows the compressibility for a water gas mixture as a function

3. In the KEWB '""B' core

of f. As can be seen, Km increases rapidly for > 10" ,

this value of f would amount to a void volume of ~200 cm3 whichis never reached

10
—I’\Io_s:—
£ — = )
3 F K=K (=04 o v
> [— =70 DYNES/cm
E — R=5x 10~ %cm
@ L
w
%]
a L
x
[o N
=
8(54:-
155 Lol Lot Lol Lol L |
16° g4 62 192 6!

f=VOLUME FRACTION OF GAS

Figure 14. Compressibility of a Water-Bubble Mixture as a Function
of the Volume Fraction of Gas
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It can be seen, therefore, that the simple model yielding Equation 17 gives
a correct dependence of the peak inertial pressure as a function of the power
density at the start of void formation and leads to a fair estimate of the constant
C'. Thus, the results of this simple model with correction for relative G value
as expressed in Equation 18 is seen to provide an estimate of peak pressure over
a considerable range of core types, volumes, and power level. These results
suggest thatanestimate of peak pressures for other reactor cores should not differ

by more than 20% from the estimates of Equation 18 or Figure 13.

Since the width of the pressure pulse is determined by the inertia of the
fluid, all practical reactor cores will exhibit palse widths which are large com-
pared to the swing time of the core vessel.9 Therefore, the inertial pressure
can be considered as a static pressure in estimating its destructive potential.
For this purpose, a model, as outlined above, which permits a good estimate of

the peak inertial pressure will suffice.

Calculation of the void compensated reactivity demands an estimate of the
shape of the pressure pulse as well as of its peak value. The simplest descrip-
tion of the pulse shape is in terms of a rise time to peak and a decay time. The
rise time is determined almost completely by the time required for the nuclea-
tion conditions (i.e., the critical gas concentration) to spread through the reactor
core. In support of this interpretation of the rise time is the observation that in
the capsule, which has an almost uniform flux through its volume, the rise time
for the pressure is about 0.5 ms. The KEWDB reactor was on a 3-ms period
transient during this observation of the capsule, and the rise time of the pres-

sure pulse in KEWDB was 3 to 4 ms.

From the flux shape it is estimated that about one reactor period is required
for this spread, and so an approximation is made of the rise of the pulse by the
term (1 - e Tl/t) where 7)is the transient period. Actual observed times from
the start of pressure to peak are shown in Figures 15 and 16. The decay of the
pressure is due to the expansion of the solution. Treatment of the fuel solution
for times after peak pressure as if it were a homogeneous compressed mass

leads to a single relaxation constant T, given by

= — ... (20)
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Figure 15. Time From Start of Pressure  Figure 16. Time From Start of Pressure

to Peak Pressure vs Transient Period to Peak Pressure vs Transient Period
for 18 Liter KEWB "B'" Core for 26 Liter KEWB '""B'" Core
where
v _ = velocity of sound in the liquid bubble mixture, and

s
h

1]

core height.
Observed values of 7, for the KEWB "B'' cores are given in Table II.

TABLE II

OBSERVED PRESSURE DECAY CONSTANT
FOR VARIOUS CORES

T2

Core
(ms)
18 £ reflected 4.0
26 £ reflected 4.7
Bare 2.0

The velocity of sound in a liquid gas mixture with 10% gas in volume is in
the neighborhood of 100 m/sec. The core height is ® 30 cm; therefore, a theo-
retical value of TZ is 3 ms which has the proper order of magnitude. The argu-

‘ mentleading to Equation 20 cannot, however, account for the observed factor of 2
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between bare and reflected cores, although all three cores have almost the same
height. However, by the timethedecay ofthe pressure becomes significant, the

core may be properly considered as a single compressed gas bubble. Sucha system,
which is considered in Appendix C, leads to an accurate description of the decay

of the pressure pulse in all of the KEWB ""B" cores.

A fair fit to the shape of the inertial pressure is given by

t t
p_ =AP_ <1—e T1><e 'T—Z_> .. (21)

where Pm is the peak inertial pressure obtained from Equation 18, and A 1 is a
constant normalizing the function in brackets to 1.0. Two examples are shown
in Figures 17 and 18. The discrepancy between the observed and calculated peak
pressure may be due in part to a signal induced by radiation in the instrumenta-
tion during the transient. In the spherical core, the free volume above the solu-
tion is usually filled rapidly; thereafter, the pressure is released by the ejection
of fuel solution. Equation 21 should not be used to fit the data in the spherical

core, or in other cases where motion of the liquid surface is restricted.

lLRANsmNT 170, 7,=1 20 mj
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a
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L TRANSIENT 2015, 7, =2 3 ms
] &
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TIME (ms) TIME (ms)

Figure 17. Comparison of the Inertial Figure 18. Comparison of the Inertial
Pressure as Observed by a Pressure Pressure as Observed by a Pressure
Transducer Located at the Bottom of Transducer Located at the Bottom of

the Core and as Calculated by the Core and as Calculated by
Equation 21 Equation 21
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APPENDIX A
INPILE CAPSULE EXPERIMENTS

1. DESCRIPTION OF CAPSULES

The experiments consist of measuring the pressure-volume-temperature
characteristics of a small sample of fuel solution subjected to a radiation burst
from the KEWDB reactor. The fuel sample is contained in a capsule device which
is located adjacent to the core vessel. Three types of capsules were used in
performing the experiments. The first capsule type, called '""Bellows Capsule'

is shown in Figure 19. The test solution, ~30 cm™, is contained in a very light

24"

GUIDE BUSHING

DC
OSCILLOGRAPH AMPLIFIER CoLD THERMOGCOUPLE
JUNCTION / r_]
}7 1 / 9,
==
U= o 25
\2 g 4 k
= e ! L
P LINEAR
TRANSDUCER ROTARY VALVE
20 KC CARRIER
AMPLIFIERS ENCLOSURE AND PRESSURE
TRANSDUCER

SECONDARY CONTAINMENT
BELLOWS CONTAINING
30ml TEST SOLUTION

Figure 19. Bellows Capsule Schematic

bellows instrumented to provide the time function of the total velume change,
fuel pressure, and fuel temperature. The bellows and the instruments are com-
pletely enclosed in a 2.5-in. diam cylindrical tube which provides secondary
containment and also allows pressurization up to 10 atm. Filling and emptying
of the capsule is achieved through a rotary valve located at one end of the sec-
ondary enclosure. Although this type of capsule performed very well, its major

disadvantages were the low frequency response of the bellows, ~100 cps, and a
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small volume expansion ratio. To overcome these difficulties, a second type of
capsule called a ""Bellofram Capsule' was constructed. This capsule was iden- .

tical to the Bellows Capsule except that the bellows was replaced by a rolling

diaphragm (Figure 20). The capsule contained ~8 cm3 of fuel and afforded a
high volume expansion ratio. Finally, to study the behavior of very small test
solutions, a '""Constant Volume Capsule' was constructed (Figure 21). The prin-
ciple was to observe the pressure induced in a fixed volume, ~1.6 cm3, contain-
ing a thin layer of test solution. Pressure was measured by two pressure trans-

ducers, one being in contact with the liquid.

,_—l /—ROLLING DIAPHRAM
— {Lm

I‘_m THERMOCOUPLE

——

TO LINEAR TRANSDUCER

TO VALVE

PRESSURE TRANSDUCER

" ./
\
- l \
U \'TEST SOLUTION

Figure 20. Bellofram Capsule

2. INSTRUMENTATION

Volume changes in the capsules were detected by the use of variable per-
meance linear motion transducers fabricated by Crescent Engineering. These
are capable of measuring linear changes of 10“5 in. and are made of high-

temperature, void-free inorganic materials.

Test solution pressures were detected by use of a flush diaphragm unbonded
stain wire type differential pressure transducer fabricated by Statham Instru-

ment Company. These sensors are capable of measuring differential pressures
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in the range of 0 to 150 psid and were specifically fabricated of 347 stainless

. steel to insure compatibility with the acidified test solutions.
TOP
PRESSURE
TRANSDUCER
4 TEST SECTION
i/ 2cm DIAX 0.5 cm HT
THERMOCOUPLE
= e = X}
| ~
VALVE

4
BOTTOM
PRESSURE
TRANSDUCER

Figure 21. Constant Volume Capsule

Temperatures were detected by use of Pt-Pt, 10% Rh thermocouples which
had a 1-mil exposed junction. This type is compatible with the acidified test

solutions and exhibits a response time of 1 ms.

The linear motion and pressure transducers were used with 20-kc carrier
amplifiers; the thermocouple signal was amplified by a dc amplifier. Data
recording was achieved by use of a l4-channel light beam recording oscillograph.

Typical data traces are shown in Figures 22 and 23.

3. EXPERIMENTAL PREPARATION AND IRRADIATION FACILITY

Each sample of test solution was irradiated only once. Capsule filling and
flushing was accomplished by means of a solution transfer apparatus closed to
the atmosphere (Figure 24) and contained in a dry box which affords a controlled
environment for handling operations. The test solution was usually a solution of
93% enriched uranyl sulfate acidified with 0.5 molar HZSO4' It was first de-~

gassed by a freezing process and then introduced into the capsule under vacuum

conditions.
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MECHANICAL STOP‘\

6.lcm 3—’

IN-PILE CAPSULE EXPERIMENT 23
REACTOR PERIOD:3ms
REACTOR PEAK POWER:403 Mw
REACTOR ENERGY RELEASE:2.9 Mw —sec

TEST SOLUTION VOLUME:36cm3
TEST SOLUTION TEMPERATURE RISE:33°C

PRESSURE
\JIZ psi /

INITIATION OF RADIOLYTIC GAS VOID

REACTOR POWER
TEMPERATURE EXPANSION

VOLUME x 0
/—VOLUME x |

-—TIME 10 ms

Figure 22. Representative Oscillograph Record for
Bellows Capsule

69 psig

IN=-PILE CAPSULE EXPERIMENT 36

REACTOR PERIOD :2.74 ms

REACTOR PEAK POWER : 713 mw

REACTOR ENERGY RELEASE :4.72 mw-sec
CAPSULE FUEL CONCENTRATION :400gmU*/.€
TEST SOLUTION VOLUME : 1.26 cm3

N\

/TOP PRESSURE

BOTTOM PRESSURE

INITIATION OF RADIOLYTIC GAS VOID

REACTOR POWER

TIME I IOms l

Figure 23. Representative Oscillograph Record
for Constant Volume Capsule
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The experiments were performed in the 4- by 4-in. horizontal exposure
facility in the KEWB reactor. This facility is tangent to the reactor core and is
an integral part of the reflector assembly. The capsule was placed so that the
section containing the test solution was closest to the core. Gold wires were
used to measure the integrated thermal flux experienced by the test solution
during the transients. Typical integrated thermal fluxes were of the order of

3x 10 13 neutrons/cmz.

¥§/ BELLOWS

/ CAPSULE

;/ROTARY VALVE
= “T" TYPE STOPCOCK (5)

\ /-
VACUUM PUMP ——— é ):%—— VACUUM PUMP
i

ROTATING
DEGASING

APPARATUS J /"" AR INLET
A MOTOR

—— ACETONE -
DRY ICE BATH

Figure 24. Schematic of Capsule Filling and Flushing System

3
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APPENDIX B

SUMMARY OF KEWB REACTOR CHARACTERISTICS

Spherical Core Cylindrical Core
Parameter 85% Full 100% Full 18 Later 26 Later 24 Later
11.45 Laters 13,65 Laters Reflected Reflected Unreflected

Critical Mass (gm U235) 1680 1240 1450 1290 3900

Fuel Concentration 166 106 94 57 203
(gm U235/ Later)

H/ U233 Ratio 152 263 272 465 124

Excess Reactivity 3.50 3.75 5.80 4.50 3.75
$)

Maximum Peak Reactor 450 650 2500 1050 4000
Power (Mw)

Minimum Stable Reactor 2.0 2.0 0.90 2.1 0.57
Period (ms)

Energy Released in a 3.5 5.7 9.0 6.1 7.0
Maximum Burst (Mws)

Maximum Peak Pressure 650 450 350 140 350
Observed (ps1)

*

Maximum Vessel Acceler- _ _F 130 40 135
ation Observed (g)

Mass Coefficient of 0.014 0.016 0.016 0.024 0.0035
Reactivity (gm UZ235)

Water Coefficient of 0.0027 0.0009 0.0006 -0.00035 0.001
Reactivity (cc)

Temp Coefficient of -0.020 -0.041 -0.041 -0.037 -0.053
Reactivaty 30°C (°C)

Gas Production Coefficient 15.6 18.1 17.3 19.1 15.1
(Liters HZ-OZ/kWh)

*Core Vessel not equipped with accelerometer
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APPENDIX C
AN EQUILIBRIUM MODEL FOR INERTIAL PRESSURE

It may be assumed that each bubble is in equilibrium with the dissolved gas:

20

Kc:pin+p€+?=pi e (22)

where K is Henry's constant, ¢ is the concentration of dissolved gas,p; is the
inertial pressure, p, the static, liquid pressure, and R_ the bubble radius. It
l g

may also be written for each bubble that

p;Vy = ngRCT ... (23)

where v is the bubble volume, ng the number of moles of gas in the bubble, R_

the gas constant, and T the absolute temperature.

According to the first assumption, all bubbles will be of uniform size and

so Equation 23 can be replaced by

p,v, = NR_T ... (24)

where N is the total moles of gas in bubbles, and V is the void volume. It has

been seen previously that Vg can be obtained from Pin by

v = a, fot(t - t') py_(t")dt? ... (25)

where a is a constant.

Furthermore,

N, = G(E-E) ...(26)

where E is the energy release and G is the value of GHZ. Thus, GE is the total
. gas production, and GE' represents the gasin solution by Equation 22.
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Putting these together, the following can be written:

20
p.. t+tp, +—=
_ GRT _ in { R _20
Pin = % E Ec N 20 R Py -+ (27)
g Py Ro g

with Vg given by Equation 25, and Ec the value of E at nucleation.

Equations 25 and 27 can be solved, but the resulting values of p;, Rear the
start of pressure are much too high. This is because the bubbles are not nu-
cleated simultaneously and, hence, the number of moles of gas in bubbles is
much smaller than this model predicts. However, the model can be adjusted by
taking explicit account of the spread of nucleation through the core. The spread
takes about 1.5 Tl , when'l’1 is the reactor period. The core volume in which
nucleation has occurred, therefore, is approximately proportional to (t/ 1.51‘1)3.
Consideration of the various factors in Equation 27 leads to some simplifications,

and so, finally the following is reached:

(GR_T
Py, R ...(28)
GR T
(E-E) fort 2 1.57
Vg C 1
v

where v _is obtained from Equation 25.

Equations 25 and 28 were computed. Comparison of the computed values of
P; with observed values are shown in Figures 25 and 26. The interesting point
is the rather good agreement of the slope of the computed pressure pulse for
time past peak pressure with observations for all cores. Fundamentally, this
agreement r;eflects the appropriateness of the basic equilibrium model for times

after the peak pressure is reached.
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NOMENCLATURE

Cross-sectional area of cone
A conversion factor
A conversion factor

Critical gas concentration in liquid necessary for gas bubble

nucleation

Specific heat of vapor at constant volume

Coefficient of void compensated reactivity

A constant (Vg‘ )\/KS)

Thermal diffusivity

Energy release in core

Energy release in core necessary for bubble nucleation
Volume fraction of gas in a liquid gas mixture

Same as GHZ but in units of E

Number of hydrogen molecules formed per unit energy release
Height of core

Henry's constant

Latent heat of vaporization

Lifetime of gas bubble

Instantaneous number of bubbles in core

Total moles of gas in all bubbles

Number of moles of gas in a bubble

Power at initiation of void formation

Constant

Pressure above core solution

Internal gas pressure of gas bubble
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i

Inertial pressure
Liquid pressure

Peak inertial pressure

Magnitude of pressure change seen by a pressure transducer at

bottom of core

Absolute pressure in core at position r and time t
Axial distribution of pressure in core
Vavor pressure

Universal gas constant

Gas bubble radius

Vapor bubble radius

Void compensation reactivity as a function of time
Number of bubbles born per unit time
Liquid temperature

Vapor temperature

Core volume

Volume of gas bubble

Effective volume of gas bubble

Gas volume in core, or void volume
Velocity of sound in medium

Liquid density

Density of core solution

Vapor density

Energy release per fission

Neutron Flux distribution in space and time
Neutron flux distribution in space

Peak to average neutron flux ratio
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T1

T2

Compressibility of liquid

Compressibility of a liquid gas bubble mixture
Compressibility of core solution

A time interval, 2 x 104 sec

Surface tension

Fission cross section

Vapor bubble lifetime

Transient Period

Core relaxation constant
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