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ABSTRACT 

The characteristics of fission gas release following an accident leading to 
the rupture of the fuel pin cladding in Liquid Metal Fast Breeder Reactors 
are quantitatively examined. The pressure, velocity and mass flow rate of 
the gas during the transient ejection are reported for a wide range of 
failure sizes and locations. A model which considers the effect of the fuel 
pin internal configuration, the effects of gas compressibility and both 
sonic and subsonic gas flow is described. 

The effect that the gas jet issuing from the failure has on the adiacent 
pins is analyzed. The deflection of the jet in the subchannel, the locntion 
of its impingement point and the blanketing effect on the adiacent pin are 
studied. 

Propagation of failure to the next pin is excluded for very large and verv 
small failure areas. Theoretical possibility of failure of the adjacent 
pins exists for failure areas in the range of 10"'̂  to 10"-^ in.^; extensive 
failure propagation however does not appear probable. 

The size of gas bubbles resulting from jet br^-ak-up is calculated for various 
reactor and failure conditions. 
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1. INTRODUCTION 

In s.ifety studies of Liquid Metal Fast lireeder Reactors (LMFiJR) , it. is 
lU'cc'ssary to have a realistic picture of the consequences of claiKling 
rupture in one or more fuel pins. Ihe main question is whetlicr the failure 
of one pin propagates to the surrounding pins. 

Gas may be released as a consequence of cladding failure due to an Incident 
involving gross loss of coolant flow (e.g., loss of electrical power, punp 
seizure) or flow blockage originated by a subchannel obstruction. Cladding 
failure may also be caused by a localized hot spot (for example by crud 
deposition), or simply by a combination of high Internal pressure (attained 
at end of life—high burnup conditions) and weakening of the cladding (caused 
by radiation embrittlement, thermal cycling, fretting, corrosion and/or 
initial manufacturing defects). 

This study deals with the problems of fission gas release by a fuel pin 
failed by any of the aforementioned conditions, and will analyze the charac
teristics of the gas ejection and its effect on the integrity of the 
adjacent pins. 

The present state of the art shows an oversimplification in the analytical 
studies of the problem; for example, with the exception of a recent worki^J 
(which has, however, a very simplified model and is not suitable for an 
extensive analysis), only sonic flow has been examined and no attempt has 
been made to analyze quantitatively the gas flow through the fuel region. 

Some experimental work was performed on the Fermi'- 'J and PFRl J designs. 
The results were optimistic, but the studies were too limited. Argonne 
National Laboratory is presently providing experimental Information for 
the Fast Flux Test Facility (FFTF) through a test program.f5] A complete 
program, including testing as well as theoretical analysis, would have to 
deal with the many unknowns of the problem, such as: type, size and location 
of the cladding failure, gas flow path through the fuel region, ejected gas-
sodium hydrodynamic interaction, and break-up mechanism of the gas jet. Since 
only a very limited amount of data is currently available, conservative 
assumptions and/or a parametric study have been adopted throughout all the 
work presented here. 

This paper is intended to give a comprehensive, quantitative representation 
of the problem in a form immediately suitable for application to LMFBR 
safety studies. 
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2. CHARACTERISTICS OF FISSION GAS EJECTION 

In order to study the consequences of fission gas release from failed pins, 
the characteristics of the ejection during the transient following the 
rupture must be known,'i.e., the time dependence of the following properties: 
pressure at t!ie rupture and at other locations inside the pin, ",as mass 
flow rate out of the rupture, total mass of gas ejected, gas velocity and 
temperature. Such characteristics will depend on the following parameters: 

# Fission gas pressure inside the pin (which depends on the burnup 
attained by the fuel up to the moment of failure) 

0 Size of rupture 

# Axial location of the rupture along the pin 

# Fuel configuration 

The worst conditions will correspond to an end-of-life failure, since the 
fission gas pressure will be maximum; in this study a pressure of 800 psla 
was adopted (corresponding to a burnup of approximately 75,000 Ml-/d/MT for 
100% gas release from the fuel). As It is obviously impossible to predict 
"a priori" the size and location of the rupture, a parametric studv was 
conducted: investigations were made for areas of rupture in the range 
between 10~2 and 10-6 in.^ and three different locations (rupture occuring 
in the plenum region, at the Interface between the upper axial blanket and 
fueled zone and at the middle of the core). This parametric analysis should 
cover reasonably well the wide range of possibilities; however, the method 
presented here may be quite easily extended to other conditions. 

In the case of failure occurring in the core region, which has the most 
practical importance with respect to the behavior of adjacent fuel pins, 
the fission gas has to find its path through the fuel in order to reach 
the rupture site; this resistance will therefore generate a pressure drop 
which depends on the fuel configuration. It will be shown later that 
there are cases in which such pressure drop has a considerable influence 
on the ejection characteristics. 

.V simplified empirical model has therefore been developed, which is based 
on the latest available experimental data and provides a description of the 
fuel internal structure during the pin lifetime.^ ' The main features of 
the model (see Figure la) are as follows: 

# The fuel pellet cracks and is in contact vith the cladding. 

# The fuel restructures into two zones: an inner restructured zone of higher 
density and an outer region which maintains its as-manufactured density. 
The total crack volume is assumed to be distributed in the two regions 
in the ratio of their diameters. 

# The crack volume in the inner region decreases rapidly and vanishes bv 
about 0.5 atom % burnup. At the same time, interconnected pore volume 
in this region increases and reaches a saturation value rapidly, remainine 
constant throughout the fuel pin life. Such pores will provide a path 
for the gas flow, and the pore volume is treated in the model as equiva
lent to a crack volume. 
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# The crack volume in tlie outer region decreases at a predetermined rntf 
based on the swelling rate of the fuel (which, in turn, depends on the 
pin power rating and tlie fuel burnup). 

# The volume of the central void is equal to the fabricated poropity 
volume of the inner region. 

# In the inner region the interconnected pores are radial and spaced nt 
a distance of 50 to 100 y apart at the midradius of the inner zone. 

# Cracks in the outer region are also radial. Their number is highly 
uncertain and is expected to fall in a range between 10 and 100. The 
effect of the number of cracks on the ejection characteristics therefore 
has been investigated parametrlcally in this analysis. 

In the above model, the crack volume in the outer region of a hot pin 
operating at high power rating (14 to 16 kW/ft) will have disappeared 
completely at end-of-life conditions. Thus, no direct path would be pro
vided for the gas from the peripheral annulus between the axial blanket 
and the cladding to the failure region and there would be no gas ejection 
or, more realistically, there would be a very limited ejection with negli
gible influence on the surroundings. However, during any incident causing 
an overheating of the cla;lding, the cladding temperature increases signif
icantly while the fuel temperature is affected only slightly. Thus, a 
positive differential thermal expansion between cladding and fuel takes 
place, opening a gap between them (an increase of 150°F in the cladding 
temperature causes a radial gap of 0.17 mils). Such a gap may remain as it 
is, or, what is more probable, the fuel will crack in the outer region 
following the cladding thermal expansion; in this second case, the total 
crack volume in the outer region is assumed to be equal to the gap volume. 

According to these possibilities, the gas may follow several paths in its 
flow through the fuel region. Clearly, the path yielding the minimum pres
sure drop will be followed; the pressure drops characteristic of several 
possible paths have been computed and compared, and the path of minimum 
resistance is shown schematically in Figure lb. According to it, the gas 
comes from the plenum via the blanket annulus, passes radially through the 
cracks in the outer region and through the interconnected pores in the inner 
region of the first fuel pellet, flows down through the central void (assumed 
to extend through all the fuel region), passes radially through the pores 
and cracks in the fuel pellet facing the rupture, and finally it escapes. 
Since an easier path for the gas will give the worst situation with regard 
to the characteristics of the ejection (higher gas pressure and velocity) 
and its effect on the adjacent pins, the most conservative situation was 
assumed in calculating the geometrical coTifiguration of the fuel during the 
accident (i.e., the accident conditions yielding the minimum resistance 
configuration were adopted). Typical values are reported in Figure la. For 
simplicity an average size of the central void has been assumed; this simpli-
cation does not alter the results significantly, since the pressure drop 
through the central void is negligible compared with the other pressure 
drops. It may be seen from Figure la that the pressure drop in the pellet 
outer region is the predominant one, due to the very small width of the 
cracks; the assumed number of cracks may therefore have a significant in
fluence (the crack width is inversely proportional to the number of cracks). 
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Once all the pressure drops along the gas path are calculated (a net total 
of 13 for a rupture at the middle of the core), it is possible to correlate 
the gas pressure in the plenum and at the rupture by means of a series of 
expressions of the type: 

P^ (t) = Pĵ _2 (t) - f [m (t), T^, resistance geometry] (1) 

where i indicates a general location in the pin which is connected to location 
1-1 via a flow resistance, and the instantaneous gas mass flow rate is inde
pendent of the location by the law of continuity. 

The dependence of the plenum pressure with time is given by (the perfect 
gas law is assumed to be valid): 

Pj. (t) 
RTj. ^t 

'° " ̂  Jo m (t) dt (2) 

equation (2) and the set of equations (1) give a complete representation 
of the gas conditions inside the pin. 

.\s the gas pressure and temperature ^ ' change with time and position along 
the fuel pin, the gas density (and therefore the gas mass flow-rate) will 
change accordingly, so that the effect of gas compressibility has to be 
taken into account in the transient fluid flow model. Another feature that 
a realistic model must have is the ability to treat both sonic and subsonic 
regimes; in fact, depending essentially on the area of rupture and the 
pressure drop encountered by the gas, the flow may be in the subsonic region 
for long periods or even the whole duration of the ejection. 

According to the fact that the flow is sonic or subsonic, the expression 
of the mass flow rate is^'-" (assuming an isentropic expansion through the 
rupture): 

m i ( t ) - A* WYPh ( t ) Ph ( t ) 
( Y + I ) 

y+1 
Y- l 

( s o n i c f l ow) (3) 

m ( t ) » A^ V^^h (̂ > ĥ (̂ > - h 
2 r xzl. 

(4) 

(subsonic flow) 

(*) A simplified calculation has shown that the gas almost Immediately attains 
the temperature of the surrounding fuel. 
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Ln equation (3) the area A* (area of the throat section) has been assumed 
equal to A\^ (rupture area); the outside sodium pressure at each axial location 
has been considered to be urtchanged during the transient. \ value of y 
equal to 5/3 (monatomic gas) has been adopted, since the fission gas is 
composed of noble gases, mostly xenon (xenon • 87%, krypton = 10%, helium = 
3%[8]). 

It is not possible to represent adequately the transient ejection with a 
closed form solution, except for the case of a plenum rupture (see Appendix A). 
A computer code titled FIGAFRO (Fission Gas Ejection from £uel Rods) has there
fore been written.[9] This code basically solves the set of eauatlons (1), (2), 
and (3) or (4) by means of an iterative procedure, testing at each time the 
pressure at the rupture against the sodium pressure outside to verify if the 
flow regime is sonic or subsonic. It is well known >•'^ that the gas flow 
passes from sonic to subsonic regime when: 

P < ^Na (5) 
h -

{^"' 
According to the flow regime, the mass f.̂ ow rate is calculated from equation 
(3) or (4). 

In summary, the main features of the model employed to analyze the fission 
gas ejection are: 

# Ability to treat both the sonic and subsonic regimes 

# Representation and calculation of the resistance encountered by the 
gas in the fuel region 

# Consideration of the effect of gas compressibility 

# decrease of the various pressures inside the pin with the progressive 
ejection of the gas 

# Assumption of Isentropic expansion of gas through the failure area 

The FIGAFRO code is able to give a representation of the characteristics 
of the gas (time dependence of gas pressure, velocity, mass flow rate and 
total mass escaped) at the rupture and in any other location inside the rod. 
Parametric studies can be conducted to investigate the effect of different 
sizes and axial locations of the rupture, different burnups and configura
tions of the pin. 

Typical results of the investigation are reported in Figures 2 to 5. In 
Figure 2, the time dependence of the Internal pressure at the rupture is 
given for a rupture area of lO'^ in. and four different cases: 

A - plenum rupture 
B - rupture occurring at top of the core 
CI - rupture occurring at the middle of the core 

(10 cracks in the fuel outer region are considered) 
C2 - rupture occurring at the middle of the core 

(50 cracks in the fuel outer region are considered) 
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It can be seen how the increased pressure drop (passing from Case A to 
Case C2) has a "degrading" effect on the ejection, decreasing the value of 
the pressure and increasing the total time of the transient. A significant 
part of the ejection is in the subsonic regime, <is it is more clearly shown 
by Figure 3 which gives the transient gas velocity. The sonic gas velocity is 
the same in Cases A and B. since it has been assumed that the gas temperature 
does not increase significantly passing through the blanket region. Figures 
4 and 5 correspond respectively to Figures 2 and 3, and refer to a rupture 
area of 10"'̂  in. 2; the same general trend seen before is still valid. 

A comparison with the previous case shows that ruptures of larger size have 
the effect of reducing drastically the duration of the ejection; as the mass 
flow rate increases, the pressure drop increases and the pressure inside the 
rod quickly decreases, so that a larger part of the ejection occurs in the 
subsonic flow. Actually, in Case C2 the pressure drop is so large that the 
process starts directly as subsonic. 

The difference in the aforementioned results indicates that for very small 
areas the size of the rupture is the controlling factor of the ejection, 
while for larger areas the fuel impedance has the predominant Influence. 

Figures 2 and 4 show the transient pressure following a plenum rupture, as 
calculated by the closed form solution illustrated in Appendix A. A comparison 
with Curve A shows that the code over-estimates the consequences of the ejection, 
due to a certain degree of conservatism built into the model. However, the error 
(approximately 10% in the calculation of the total time of the ejection) is quite 
reasonable, compared to the many uncertainties of the problem. 

The gas mass flow rate was found to be in the order of 10"-^ to 10"^ lb/sec 
in the case of relatively large rupture areas and in the order of 10-5 to 10"" 
lb/sec for very small failures» Thus, in the first case a significant flow 
of gas is ejected but for a short time, xv'hile in the second case the gas 
is ejected for a very long time, but at almost insignificant flow rates. 

The next section considers the effects that gas released from the failed 
pin has on the subchannel hydrodynamics and on the adjacent pins. 

3. EFFECT OF FISSION GAS RELEASE 

The effect on the subchannel hydrodynamics (i.e., channel voiding, flow 
reversal and choking) by the rapid release of large flows of gas (as in the 
case of rupture areas larger than 10-3 in.2) has been studied both for a 
single pin rupturet^^^ and ten simultaneous ruptures in an assembly of 217 
pins.[11] For both cases, the maximum blanketing time is less than a few 
tenths of a second; thus, no possibility of adjacent pin failure was found. 

Another mechanism of failure propagation exists for smaller areas of rupture, 
because gas at high temperature is ejected with very high velocity for a 
significant time. In this caseCH] the gas jet Impinges on the opposite pin 
with creation of a localized hot spot sustained for a long time (many seconds 
or possibly minutes, as shown in Figures 3 and 5). The main characteristics 
and consequences of this "jet type" release are next investigated. 
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J.1 Jet Trajectory 

Very little is presently known about the trajectory of a gas Injected into 
a liquid, especially for the particular hydrodynamics and geometrical condi
tions of a reactor subassembly. Among the available literature, the studv 
most usefully applicable to the present investigation is reported in RefertMict> 
12. This work, is substantially based on a momentum balance between a main
stream and a perpendicularly injected gas from a round hole; however, since 
the mainstream is considered as infinite, it does not take into account the 
effect of wall constraint. Keeping in mind these limitations, the following 
semi-empirical equation can be used: 112J 

4 = 2.02 
a 
o 

This correlates approximately the distance penetration into the mainstream 
(x) with the downstream distance (y) reached by a jet issuing from a round 
hole of diameter d^. Figure 6 shows the variation in the downstream 
distance traveled by the jet centerline (penetration distance = 0.056 in., 
which is a typical value of minimum distance between two adjacent pins) as 
a function of sodium velocity, hole size (*) and injection velocity. A 
typical LMFBR coolant velocity equal to 25 ft/sec was considered; the 
5 ft/sec velocity was presented for comparison purposes. 

Figure 6 gives the results of the investigation for a failure occurring in 
the plenum region; the corresponding curves for other locations are approx
imately the same. The case referring to a 10-° in.^ area of rupture and 
25 ft/sec sodium velocity was not plotted in Figure 6, since the gas was 
found to be so largely deflected(y/d^ = 1.6 x 10^, for U = 1200 ft/sec) 
that the possibility of impingement on the adjacent pin had to be discarded. 
Under these conditions a discrete column of gas flowing parallel to the pins 
(which will break up into bubbles in a fashion described later in paragraph 
3.3) will flow through the subchannel. Since the gas does not hit the 
adjacent pins, no problem of pin blanketing and dry-out (see paragraph 3.2) 
will therefore arise. Figure 6 indicates that, for reactor conditions and 
a failure area of 10~ in.^, the jet hits the adjacent pin in a region almost 
at the level of the rupture if the velocity is high (1260 ft/sec, which 
corresponds to the sonic regime as shown in Figure 5); the downstream 
distance traveled by the jet increases as the subsonic regime is attained 
and the velocity decreases. 

In order to obtain an indication of the extent of the adjacent pin influenced 
by impinging jet, the following relationship for the expansion of a jet 
in cross flow was used: l-̂ Ĵ 

h = 2.25 d + 0.22 I (7) 
o 

(*) Since the actual shape of the rupture is unpredictable, an equivalent 
circular hole has been assumed, both for simplicity and for easier 
comparison. 

P U, 

^Na^Na 

Ig (l + 0.049 ̂  j 

1/2 

(6) 
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whore for short distances (2.) traveled by the jet centerline, the width of 
the jet (h) is approximately the major axis of an ellipse. It is possible 
to have an idea how tlie jet width changes during the c-jection by combinine 
Figure 6, vv̂ hich gives the downstream impingement point as a function of the 
jet velocity, with Figure 5, which gives the jet velocity as a function of 
time. Relating the jet width to the angular coverage on the pin, it turns out 
that in the sonic phase of the ejection the impacting angular coverage is 22° 
(it remains constant for the entire sonic region). During subsonic flow, is 
the transient jet velocity decreases, the downstream point of impingement of 
the centerline will move upward, so that the jet width and the impact int̂  
angular coverage progressively increase, more rapidly in the hvpothesis of 
10 cracks in the fuel outer region (compare curves CI and C2 in Figure 5); 
impacting angular coverages of about 50° may exist in the subsonic region. 

The term "impacting angular coverage" refers to the spread of the iet before 
impingement on the fuel pin. Actually, once the jet hits the pin, it will 
"smear out" both in the circumferential and axial direction, thus causing a 
larger degree of coverage on the pin. ilowever, since the jet will hit the 
pin with a progressively increasing angle of incidence, a preferred "smearing 
out" in the axial direction should occur. The effect of gas blanketing on 
the cladding integrity is examined in the next paragraph. 

3.2 Insulation of the Adjacent Pin Caused by Gas Jet Impingement 

The "dry-out" effect caused by the impingement of the jet on the adjacent 
pin and the cladding temperature increase of the affected region was 
studied with the computer code TOSS.'••'-•̂ ' This code calculates the transient 
and/or steady-state temperature by solving the three-dimensional heat 
conduction equation by means of a finite difference technique. The model 
featured a section of the cladding heated inside by heat generation in the 
fuel region (power rating =14.2 kW/ft) and outside by the hot gas. The 
value of the gas film coefficient was 700 Btu/hr-ft -°F, corresponding to the 
maximum value that could be attained by considering either a cylinder in 
cross flow or a flat plate in parallel flow. The model took into account both 
axial and circumferential heat conduction in the cladding (15 mils thick) to 
flowing sodium having a temperature of 840°F and a film coefficient of 
25,000 Btu/hr-ft^-'F. These conditions correspond to the midcore, which was 
found to be the most critical position in terms of cladding temperature 
increase due to dry-out. The gas temperature was 2000°F on the basis of the 
model reported in Section 2 (gas temperature equal to the average fuel 
temperature and isentropic expansion through the rupture). 

The results of the analysis are shown in Figure 7. It can be seen that angles 
of coverage greater than 180° are necessary to cause melting of the cladding. 
However, if a local cladding temperature for failure of 1750°F is assumed[14], 
the maximum angular coverage that may be tolerated in the new steady-state 
condition is approximately 45°. Comparing these results with those given in 
paragraph 3.1, it appears that the possibility of failure of the adjacent pin 
caused by gas ejected from a 10"^ in. ̂  rupture area is not very likely, but 
it cannot be excluded "a priori." In fact, the impacting angular coverage 
(22°) during the sonic regime is well in the safe region, but it is uncertain 
if the effective coverage due to the snearing of the jet is wide enough to 
exceed the upper limit of the safe range (45°). On the other hand, during 
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Figure 7. Temperature Response of Pin Cladding Blanketed by Gas at Various Degrees of Coverage 



For larger areas, such as 10-4 in.^, the jet deflection is not too pro
nounced, so that the mixture of gas and sodium resulting from the break-up 
will expand in the radial as well as in the axial direction. This is con
firmed by Argonne National Laboratory experiments'-'- -I which show that, even 
for d 2 .\ 10-5 in.2 failure size, a fairly homogeneous mixture of gas and 
coolant spreads to the outer periphery of a wire wrapped 19-pin bundle after 
travelling 8 to 14 inches downstream. 

Knowledge of the diameter of the bubbles originated during break-up of 
the jet is useful not only to help in assessing the thermal behavior of 
the assembly, nut also in the design of mi'chanlsms to detect failed pins. 
A simple method to determine the bubble size is reported in .^ppendix B. 
The equations which give the equivalent diameter of the bubbles are: 

For sonic flow 

D, =2.4 
\ ^ 

P.U 
b Na yK fW 

Y+1 
Y-l (8) 

For subsonic flow 

2.4 
\ ^ 

%^Na >K 
_!Na_\ 

^h / 

Y-l 

(9) 

The bubble diameter is plotted in Figure 8 as a function of the internal 
pressure at the rupture, which is related to the gas ejection velocitv 
(see Figures 2 to 5). The results of Figure 8 applv to failure occurring 
in the plenum region, "here the model employed was felt to be more 
applicable, since the stagnation temperature of the gas is close to the 
sodium temperature. For failure in the fuel region the bubble diameter 
would be slightly smaller due tD the higher sodium pressure and the fact 
that the gas will be cooled by the sodium. Tae diameters here reported 
for the case of small rupture ('10-" in. 2) have been compared with those 
calculated with the experimentally verified correlation of Anderson, et 
aLf-l-^^ and good agreement (within 20%) was found. 

nubbles corresponding to internal pressures greater than 200 psia are not 
considered in Figure 8 for the case of a rupture area equal to lO"-̂  in.-, 
as the bubble diameter would be larger than the flow area of the coolant 
subchannel. In this case the model is not applicable and the jet break-up 
will probably result in formation of periodic gas slugs leaving a liquid 
sodium film on the wall, ns found in sodium expulsion experiments. 
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4. CONCLUSIONS 

Clciiisiileration of the fuel rod lntern<il resistance to the gas flow and of the 
subsimic regime of the gas discharge, both previously neglected in the 
theoretical analyses, has been shown to be of great importance in predictinc 
the ch.xracteristics and effects of the gas eiection. The model described 
here considers systematicallv these effects and allows easy updatinc, .ind 
improvement. 

The analysis of the adjacent pin behavior following gas ejection from the 
failed pin has indicated that no problem exists with respect to cre.itinr, 
additional failures, if the failed pin has a rupture area as small as 10~" 
in." or as large .is 10~ in."̂ . Propagation of failure to the next nin could 
possibly occur for areas ranging betv%'een 10~ * and 10" in.-. ilowever, a 
general conclusion of the analysis is that there would be no extensive 
propagation of the failure. 

i.xperimental work needs to be performed for the critical range of areas 
from 10~^ to 10~^ in.2. Attention should be given in designint? the experi-
nents to simulate properly the pin internal geometry and the external 
(subchannel) hydrodynamics and geometry. • ihe extent and direction of the 
jet "smear out" ifter impingement on the adjacent pin is one of the most 
important items to be investigated. 

The size of the bubbles resulting from jet break-up here calculated has 
indicated that for round holes of size 10-4 in. or larger the produced 
bubbles would be larger than the subchannel dimensions, the opposite 
being true for holes of size 10"'' in.-̂  or smaller. 

It must be noticed that while the analysis in Section 2 is valid for anv 
shape of the rupture, in Section 3 equivalent round holes have been 
considered. Vctually, another possible shape of the rupture is, for example 
a long and thin cladding crack. i-xperimeatal investigation of this rupture 
shape is required, in order to verify if the equivalent diameter concent 
suggested by Abramovichl-1'J is valid. In fact, it is felt that in this 
case the ejected gas should be deflected and "sheared off" Iiy the sodium 
stream sufficiently to put this type of failure in the "10" round hole" 
class, which has been shown not to cause problems. 

Finally, the substantial conservatism of the fuel model assumed in this 
study must be realized. For Instance, if failure occurs at low burnup, (and 
therefore smaller plenum pressure), the ejected fission gas could be of suf
ficiently small quantity not to cause failure, irrespective of the failure 
area. The same conclusion applies to high burnup failures if a large por
tion of the gas has remained entrapped in the fuel due to the particular 
operating history of the reactor (e.g., long period of steady-state irradi
ation, without significant power changes, before the incident). 
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APPENDIX A - Closed Form Solution of Pressure 
Decay Time for a Plenum Rupture 

It can be shown that the pressure decay time for homenergic and homentropic 
flow of an ideal gas with constant specific heats from the plenum (no internal 
resistance) would be in the sonic regime^ •': 

t = 

\ V YRT, (r^)(^) 
+ 1\ 2(Y-1) m 

Hi 
2Y 

-1 
(A-1) 

In the subsonic regime the following differential equation is valid: 

Y-l 

[ 7 ] 

dt = - (i) (*) 
vj 

2Y 

lii (A-2) 

cyfywF^ Y - l 
Y 

Y- l 

via) VvLJ - 1 

It can be Integrated for Y = 5/3 to give; 

t -
2Y 

t* Y-l 
! ^ / Y Z I \ V^Na/ 

Y - l 
2 Y 

YWYRT. 

(A-3) 

Fo.eog - I V B ^ + 1 - I In (B-f\? +i j i 

where tĵ  denotes the time to reach the critical pressure (minimum pressure 
for sonic velocity): 

•ITa 

and 6 is defined by: 
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APPENDIX 3 - Determination of Bubble Diameters During Jet Break-up 

"rom the classical analysis for the break-up of a gas column, the most 
instable wavelength of the jet is proportional to the iet diameter'- ': 
Fr 
un 

A = ^ = 6.48 U. 
m J 

(B-1) 

I'hus, the size of spherical bubbles resulting from break-up of a cylindrical 
gas column of mean diameter D̂  is: 

3 ^ 2 

4^ ^. = 6.48 D̂  . -i-
3 g j 4 

(B-i) 

By assuming that the gas jet quickly attains the velocity of the sodium 
flow, using the law of conservation of mass and recalling the expressions 
of the gas mass flow rate by equations (3) and (4), it results that: 

=VFv̂  \ ' 

^ H b ̂  .Ma> h 
^ 

Y+1 

(sonic flow) (B-'̂ O 

and 

":=V^- V 
Pt-b\, V^^u b Na ' h V^h h (^ [- (̂ ) 

( - 1 

Y 

(subsonic flow) (B-4) 

Substituting in equation (B-2) one obtains: 

D, = 2.4 
b 

/ A^P^ 4 / / 2 \ ^ (sonic flow) (B-5) 

and 

D, =2.4 

/ 

h h 

bUNa>/^ 
yhCt)' t -©^ 

(subsonic flow) (B-6) 
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Nomenclature 

A area 

I) diameter 

tl;-, diameter of circular area equivalent to rupture area 

h jet width 

V total length of jet centerline 

m gas mass flow rate 

P pressure 

R gas constant 

T temperature 

t time 

U velocity 

V volume 

X distance penetration of jet centerline into the mainstream 

y downstream distance of jet centerline from rupture hole 

V ratio of gas specific heats 

p gas density 

Subscripts 

b bubble (at formation) 

g discharge condition of gas jet 

h stagnation condition at the rupture 

i general location inside the pin 

j jet 

Na sodium 

r plenum 

o initial condition 
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