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FAULT PROPAGATION IN AN
F EBR-II,MARK-II DRIVER-FUEL SUBASSEMBLY·

by

A. V. Campise

ABS TRAC T

The consequences of cladding failures in a Mark-II
EBR-II experimental fuel element were evaluated under

steady-state power. The principal consequences considered
were the blanketing of adjacent fuel elements in a fuel sub-
assemblywith fissiongas and the interactions of sodium and
molten fuel following a partial loss of sodium bond in a fuel
element. The possibility of fault propagation was evaluated
based onphysical properties of the Mark-II driver-fuel sub-

assembly and the EBR-II reactor core. The results indicate

an extremely low probability for propagation of faults in fuel
elements due to gas blanketing or rapid formation of sodium
vapor resulting from interaction of sodium and molten fuel.
Upper-limit conditions for fault propagation are shown to be
restricted to an area  of · thermohydrodynamic combined-
system values that indicate an extremely low probability of
occurrence.

I.   INTRODUC TION

The principal objectivel of the EBR-II Mark-II fuel-development
program is the successful design of a metallic driver-fuel system capable
of irradiation exposures of 2 a/0 or greater at the reactor's design power
level of 62.5 MWt.  As an intermediate step in the fuel-development pro-
gram, five driver-fuel subassemblies, each containing 91 unencapsulated
Mark-II elements, will be fabricated and irradiated in the EBR-II core.

The required safety analysis for the experimental irradiation of these
subassemblies prompted this study of fault* propagation in a Mark-II

driver-fuel subassembly. Although the principal models used in this study

are applied only to the Mark-II driver fuel, the results of the study are

sufficiently generalized to be applicable to the present Mark-IA fuel at

slightly different operating conditions. The Mark-II and  -IA fuel elements

are similar in concept.

4 Fault:    A  flaw or defect in the structure  of a fuel element that leads to local abnormal operating

conditions.
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Emphasis in fast-reactor safety is being placed on attaining a basic
understanding of various modes of propagating faults  in fuel elements.   Be-
cause of its safety implications, fault propagation in the cores of large fast
breeder reactors will be given an increased amount of analytical and ex-
perimental attention. The entire area of fault propagation is too large to
cover in one report; therefore, the scope of this report has been limited to
steady-state fault conditions. Other failure modes, such as nuclear and
loss-of-flow transients, could cause propagation of faults in Mark-II sub-
assemblies. These transient conditions are not considered in this report,
which primarily covers credible failures of fuel elements under steady-state
power operation and the possible consequences that may follow these initial
failures. Nuclear transients and loss-of-flow accidents will be the subject
of a preliminary safety-analysis report on the Mark-II core loading for
EBR-II.

The possibility of propagation of faults in EBR-II Mark-II driver-
fuel elements is of prime concern to the safe operation of the EBR-II as an
irradiation facility.  To date, only a few statistical data points are available
that are directly applicable to faults in Mark-II fuel elements at steady- state
conditions.2 An increased experimental effort is required in this area to
enlarge our understanding of the various fault paths that an initial failure
may follow.

The principal failure mechanisms and consequences considered for
the EBR-II Mark-II driver-fuel element are those initiated by a cladding
failure that is followed by a loss of sodium bond, melting of fuel, interac-
tion of sodium and molten fuel, and finally, release of fission gas.   The
cause of the initial cladding failure is not discussed in this report.  The
consequences of this failure are evaluated under varying fuel-element and
reactor operating conditions.

Although fault propagation could be more critical in ceramic-fueled
experiments (owing to the reduced thermal conductivity and higher operating
temperatures), only EBR-II Mark-II metallic driver fuel is considered.
The principal investigation discussed in this report is directed at.the hottest
single fuel element in a subassembly and the influence of an initial fault in
this element on adjacent fuel elements in the subassembly. Propagation of
a fault to surrounding subassemblies is briefly considered in Section IV.B.

The primary approach adopted in this report is to establish the con-
ditions under which fuel-element fault propagation can occur and to identify
the upper-limit values for the worst case, using known physical principles.

(.f;
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II. FAULT-PROPAGATION MODES                                  

A. Fault-tree Analysis

The principal modes of fault propagation from a failed EBR-II
Mark-II fuel element are: (1) mixing and interaction of molten fuel and
liquid sodium; (2) boiling of sodium and local voiding; (3) lacal blockage
of coolant channels  in fuel elements; and (4) local blanketing·.of ·many fuel
elements with gas. Fault-tree analysis3 has been used to develdp. an over-
view of the causes of these modes of propagation and the consequences
following their occurrence. Figure 1 shows a fault tree with an identified,
undesirable end point of the propagation of an element fault to the hexagonal
can of the Mark-II subassembly. Several branches of this tree are identi-
fied, including the modes of propagation listed above.  (The body of this
report is directed toward those branches of the tree involving the mixing·
and interaction of molten fuel and liquid sodfum and .the local blanketing of
fuel elements with gas.) Figure 2 explains the symbols used in the fault
tree. The triangular symbol shown in Fig. 2 is used as a shorthand method
of indicating position of duplicate tree branches that are shown elsewhere
in the fault tree. For example, all branches of the tree shown under the
uppermost triangle containing a B (near the top of Fig. 1) also should be con-
sidered as placed at the lower triangle conta.inihg a B.  The two triangles

M ,                  containing A's serve a similar purpose in Fig. 1.

The following is a brief explanation of the two branches of the illus-
trated fault tree that will be emphasized in this report.

1.   Interaction of Liquid Sodium and Molten Fuel

This  branch  of the tree could be initiated by any  of the following:
(a) a fault in the weld joints of the end pieces of tladding ; (b) an unexpected
fuel-cladding interpenetration and cladding failure; or (c) a fault in the clad-
ding material.

Any of these events could lead to a break in the cladding, and
this break is assumed to occur in the sodium-bonded fuel region of the ele-
ment. The amount of subsequent loss. of sodium bond from the element de-
pends on the rate of release of sodium bond and the parameters of the
reactor system and fuel element (e.g., the size of the hole, the internal
pressure, the burnup on the pins).  It is assumed, in this branch of the fault
tree, that very little molten fuel is recast on the cladding surface while the
sodium is released.

The above events lead to a partial loss of sodium bond from the
element.  This loss, in turn, leads to conditions under which molten fuel
(formed from unbonding of the fuel while the reactor is still'at steady-state
conditions) can now mix with the liquid sodium bond remaining. in the fuel

L-
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elenient.  As a further consequence, a shock or pressure wave can be
generated inside the subassembly because of the formation of sodium va-
por in the fuel element.  If we assume, for a moment, that there is insuf-
ficient energy-absorption capability in .the fuel elements and the
subassembly structure, this mixing of molten fuel and liquid sodium can
lead to propagation of a fuel-element fault to the hexagonal can of the
fuel subassembly. A similar consequence can occur with local gas blan-
keting of fuel elements with gas.

2.   Local Gas Blanketing of Fuel Elements

For this branch of the fault tree, conditions assumed to exist
were: (a) complete loss of sodium bond in the fuel element; (b) loss of
the sodium bond too rapitlly for the fission gas monitor (FGM) to respond;
and (c) no signal from the fuel-element rupture detector (FERD) loop in
the EBR-II systern.

Under these conditions, fission gas is assumed to be released
from one fuel element in a subassembly. The consequences of this fission-
gas release depend on the parameters of the reactor system and the ele-
ment (e.g., internal'pressure, burnup on the fuel, size of the ruptured
hole, external system pressures). Assuming gas blanketing and failure of
adjacent fuel elements, fission gas can then be released from several ele-
ments because of this gas blanketing. This released fission gas blankets
additional fuel elements, causing additional gas to be released and in-
creasing the operating temperature of more fuel elements. This leads to
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a local loss of heat-removal capability at reactor power conditions.  If this
fault is allowed to continue, there would be insufficient energy-absorption
capability in the fuel elements and subassembly structure; thus, overheating                    6
would occur, and the fault would be propagated to the entire subassembly.

Other branches of the fault tree are presented in Fig. 1 for
completeness and are self-explanatory.  The top part of the tree indicates
the action of the plant control system that allows the fault to propagate to
a point at which the hexagonal can of the fuel subassembly is involved.

In summary, the above fault-tree analysis was used to establish
the sequence of events and conditions following the initial penetration of the
cladding of a fuel element and the conditions required for propagating the
fault to adjacent fuel elements and the subassembly structure. A fault tree
provides a display of various groupings of possible faults and conditions
which can lead to an undesirable consequence. The prime merit of a fault-
tree approach is that it provides a measurement of the inherent safety in
the system and is a distinct aid in the evaluation of the overall impact of
the fault to the system. Displayed in the fault tree are the sequence of
events, the system response to these events, and the conditions under which
the events continue to the point where the undesirable consequence must be
evaluated.                                                                                                                                                                   ..

B.  Configurations of Initial Faults in Fuel Elements

Figure 3 shows the arrangement of fuel elements in a Mark-II sub-
assembly.   In this subassembly, three conditions of fuel-element faults,
events, and propagation modes are considered:

1.    Loss of sodium bond and possible interaction of sodium and
molten fuel (depicted in Fig. 4).  It is assumed that a break occurred at
the bottom of the fuel element, and, depending on system conditions and the
operating conditions of the fuel elements, the sodium bond is released from
the element.

2.   Release of fission gas and gas blanketing of adjacent fuel ele-
ments (depicted in Fig. 5).  It is assumed that the sodium bond is lost from
the element and that the fission gas is released from the bottom of the
element (considered to be the worst case). 'Figure 5 shows the triangular
pitch of the fuel elements in an EBR-II Mark-II subassembly and the in-
terstitial regions that will be studied for the effect of blanketing by fission
gas.

3. Combined effects of 1 and 2 at "beginning " and "end-of-life"
conditions in the Mark-II fuel element (depicted in Fig. 6).  In the beginning-
of-life condition, the fuel elerrients are shown with a sodium bond around
the fuel pin.  At the end-of-life condition, the sodium bond is greatly reduced
around the fuel pin because the Mark-II fuel element is designed to expand
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and contact the cladding.1 The latter condition is studied.to evaluate the
effects of the large reduction of sodium bond on material temperatur,es.

These three basic configurations will be referred to inthis report.

III. KINETIC STUDIES

A. Models

Several theoretical models·* were used to simulate the following con-
ditions: (1) releaseof sodiumbond; (2) releaseof fissiongas; (3) interactions
of  sodium and fuel; (4) material temperatures resulting from gas blanketing;
and (5) temperatures and volume of fuelmelted during loss of sodium bond.
Assumptions and limitations of the first three theoretical models are given
in detail in the appendixes. Figures 7-11 are graphic representations of all
five models along with the important variables considered.

Figure 7 shows the model for release of sodium bond. As indicated,
principal variables to consider are:

Po, the internal fission-gas pressure due to irradiation;

P2, the external system pressure;

AR the area of the rupture hole;

Zo, the initial height of the sodium bond;
Zl' the distance from the bottom of the fuel elementto the rupture

hole;  and

 Na' is the density of sodium.

P0

8

P
Na

Fig. 7

Zo                                                  Model for Release of Sodium Bond

AR

9     71,
1

4
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Figure 8 shows the model depicting release of fission gas.  The
principal variables in this model are:

Po, the internal fission-gas pressure due to irradiation;

To, the internal temperature of the fission gas;

k = Cp/Cv, the ratio of specific heats of the fission gas;

Pcr, the critical pressure ratio for the fission gas;

AR,  the  area  of the rupture  hole;

P2, the external system pressure; and

MWd/MT, the fuel burnup.

These are principal variables governing release of fission gas.  The con-
ditions leading up to Po are discussed in detail in Appendix B.

P0

TO

k=Cp/Cv

Fig. 8
MWd/MT

Model for Release of Fission Gas
Pcr

AR

P2

Figure 9 shows the model for interaction of sodium and molten fuel.
The principal variables  in this models are:

Tf, the temperature of liquid fuel;

Tc, the temperature of liquid sodium;

Sf, the specific heat of the liquid fuel;
Sl' the specific heat of the liquid sodium;
Sgp, the specific heat of sodium at constant pressure;

L, the latent heat of evaporation of sodium; and

Vf, the volume of fuel melted.
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Figure 10 shows the heat-transfer model used to compute the ma-
terial temperatures following gas blanketing of various sectors around a
Mark-II fuel element. The principal variable in this study was the sector

of the cladding surface blanketed
with fission gas. The hottest
element was assumed to be 10-
cated in Row 4 or 5 of the EBR-II

-                                                    UPTURE core, and the reactor was as-
HOLE
--- sumed to be opefating at 50 or

62.5 MWt.
GASREGION

connpute niaterial ternperatures
Figure  11 was used to

following the loss of sodium
bond.  In this axial view of the
fuel element, the top part of the

-I / pin is bonded with fission gas
and the remainder of the fuel
pin is bonded with sodium.

AFFECTED ADJACENT FUEL ELEMENT

B.  Assumed Operating Conditions
14

Na COOLANT GAS for Mark-II Fuel Elements
Na COOLANT

Table I compares the
physical dimensions and proper-
ties of the Mark-II fuel elements 1
to present and past designs. The

1           -- -following studies of fault propa-
FUEL BOND CLADDING , .gation- assume that the amount of

-                            Fig. 10. Gas-blanketing Model Used to Compute fission-gas release is properly
Material Temperatures
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bracketed on the lower end by measured experimental data (as shown in
Fig. 12) and that, on the upper end, 100% of the gas produced is released
to the plenum within the fuel element. In addition, the burnup on the
Mark-II fuel element will be assumed to vary from 0 to 5 a/0. Finally,
reactor power levels of 50 and 62.5 MWt will be considered.

FISSION- GAS
./ -

-SODIUM BOND
411*---TIP OF FUELLEVEL

PIN

Fig. 11

Axial Model Used to Compute Material Tem-
peratures Following Loss of Sodium Bond

TABLE I. Design Features of EBR-II Fuel Elements

Type of Fuel Element

I IA IB                  II

C ladding  OD, in. 0.174 0.174 0.174 0.174
C ladding  ID, in. 0.156 0,156 0.156 0.150
Cladding thickness, in. 0.009 0.009 0.009 0.012
Sodium-annulus thickness, in. 0.006 0.006 0.006 0.010
Fuel-pin diameter, in. 0.144 0.144 0.144 0.130
Fuel-pin length, in. 14.2 13.5 13.5 14,2

Fuel-pin mass, g 67.6 64.3 64.3 54.5
Element length, in.                 18         18         18         26
Effective fuel density, %           85         85         85         75
Fuel-pin-restrainer gap, in. 0.40 0.40 0.40         a

(Vol plenum/Vol fuel) x 100 13.2 18.5 25.8      99
Number of fuel elements per

subassembly                              91             91             91             91

aNot selected at time of writing.
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Figure 13 shows the approximately linear rate of swelling vs burn-
up for Mark-IA fuel.  In the present study, the relationship between swell-
ing rates and burnup in the Mark-II pins was assumed to be linear .(as
plotted in Fig. 14), This assumption allows us to convert fission-gas re-
lease vs swelling to fission-gas release vs burnup. Figure 15 shows the
results of this conversion. This figure will be referred to in the text as
"experimental data" and will be used as the lower limit of the fission-gas
release. The upper limit, as mentioned above, will be assumed to be
100% fission-gas release.

C.  Release of Sodium Bond

The release of sodium bond from the Mark-II fuel element depends
on the initial internal gas pressure, the location of the rupture hole and
its area, and the external system pressure. In computing the rate of
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sodium-bond release, we'assumed that the characteristics of the rate of
flow of sodium through the hole were similar to the characteristics of the
rate of flow of liquid through an orifice. Hole sizes with effective circular
diameters of 1-20 mils were studied. (The reason for choosing this range
of hole sizes will be explained in Section III.D. These values are considered
to be the upper and lower limits of hole sizes that could cause the right con-
ditions for Mark-II fault propagation.) Figure 16 shows the time required
to expel sodium bond from a Mark-II fuel element, as a function of fuel
burnup and effective circular diameter of rupture hole (Deff). The figure
also shows the effects of assuming pressures resulting from 100% release of
fission gas and those obtained by using the experimental data.

For a 1-mil hole, approximately 60 sec are required to expel all the
sodium bond at a burnup of 10,000 MWd/MT (assuming a gas pressure equiv-
alent to 100% release of fission gas). At 50,000 MWd/MT, this time is re -
duced to approximately 47 sec.  The use of experimental data increases the
time for bond release by approximately 25% (at a burnup of 50,000 MWd/MT).
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Also noted in Fig. 16 are results for a hole size 6f 20 mils.  In this case,
the time to release the sodium bond at 50,000 MWd/MT would be reduced
to 0.04 sec. For small hole sizes, a relatively long time (compared to
time to cause fuel melting) is required to release the sodium-bond inven-
tory, and for large hole sizes, the time is very short (compared to time for
fuel melting), This effect is important when considering fission-gas re-
lease and the conditions for fault propagation.
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Since the hole has been treated as an orifice, the discharge coef-
ficient is an important variable.  In Fig. 16, it was assumed that the dis-
charge coefficient was equal to 1. Figure 17 shows  the e ffect of reducing
the discharge coefficient to 0.5. Reducing the discharge coefficient in-
creases the expulsion times proportionately.
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In reviewing sodium-bond release, note that EBR-II has a fission-
gas monitor (FGM) capable of detecting the release of fission-product gases
to the system.  The FGM can detect releases of fission gases following
leakage of sodium bond, and will give an audible alarm in the reactor con-
trol room when this occurs.   The FGM response may be delayed as  long as
10 min, however, because of the time required for transport of fission pro-
ducts  to the reactor cover  gas  and from there  to the detectors   of  the   FGM,
(Another EBR-II instrument, the fuel-element rupture detector (FERD),
detects delayed-neutron activity in a side stream of primary sodium.  The
FERD has a faster response than the FGM, but·is not considered in this
example.) Figure 18 shows, as a function of burnup and fission-gas pres-
sure, the maximum diameter  of the rupture  hole for which  the FGM would
detect fission gas before all sodium bond has been expelled from a faulted
fuel  element  (i.e., the diameter for which the expulsion  time  is   10  min),
As Fig. 18 shows, for 100% release of fission gas at 10,000 MWd»iT, the
hole diameter is 0.30 mil. At 50,000 MWd/MT, the hole diameter is re-
duced to less than 0.2 mil.
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In summary, for an effective hole diameter of 1 mil, 60 sec would
be required to release all the sodium-bond inventory in a Mark-II fuel ele-
ment with a burnup of 10,000 MWd/MT; this time would be reduced to less
than 0.04 sec at 50,000 MWd/MT burnup. At the higher burnup, the effect
of using experimental data for fission-gas release increases the time to
expel all the sodium bond by a factor of 25%. Reducing the discharge co-
efficient from 1.0 to 0.5 doubles the time required for sodium expulsion.

D.  Results of Studies of Fission-gas Dynamics

The theoretical model4 for fission-gas release is similar to the
model for sodium-bond release, except for the values used to simulate flow
through a nozzle. A prime variable in the rate at which gas will flow
through a cladding perforation (simulated by a nozzle) is the difference be-
tween the internal pressure in the fuel element and the external pressure
of the reactor system. The internal fission-gas pressure was cornputed
for the Mark-II fuel element by using two different assumed fission-gas-
release percentages:  (1) the experimental data depicted in Fig. 12, and
(2) a 100% release of fission gas to the plenum, including allowance for the
effect of fuel swelling in decreasing the volume of the gas plenum.  (All
pressure increases given in this report are assumed to occur at operating
temperatures so that the zero point indicates the beginning of irradiation
life.)
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Figure 19 shows that the internal fission-gas pressure would· be
200 psi at 10,000 MWd/MT and would increase to approximately 1600 psi
at 50,000 MWd/MT, if all the gas produced were released to the plenum.
On the experimental-data curve, very little fission-gas pressure is de-
veloped up to 20,000 MWd/MT, at which point the gas is released as the
fuel matrix continues to swell outward to the cladding. At 30,000 MWd/MT,
using the experimental data, the internal pressure would be 440 psi, in-
creasing to approximately 950 psi at 50,000 MWd/MT.
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Fig. 19. Fission-gas Pressure in a Mark-II Fuel Element, as a
Function  of Gas -release Fraction  and Fuel Burnup

An important variable to consider in the release of fission gas
tkirough a nozzle is the critical pressure ratio, the point at which sonic flow
would develop through the nozzle or the perforation in the fuel cladding.  In
these studies, the fission gas was assumed to be mainly xenon and to behave
like a perfect gas. The ratio (Cp/Cv) of specific heats of this gas was as-
sumed to be 1.67, leading to a critical pressure ratio of 2.05.  (See
Appendix B for· the method of calculation.) Figure 20 shows the pressure
ratio as a function of fission-gas release fraction and fuel burnup for the
Mark-II fuel element.  For 100% gas release, the ratio is above the critical
ratio at about 7500 MWd/MT and increases to approximately 30 at
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50,000 MWd/MT.  For the experimental data, the point of critical pressure
ratio is not crossed until approximately 21,000 MWd/MT and increases to
a value of 20 at 50,000 MWd/MT.
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Using these pressure ratios, we calculated the percentage of sub-
        sonic flow at various burnups. (The results are plotted in Fig. 21.) For

low burnups and 100% release of fission gas, approximately half the flow
will be sonic and half subsonic. This proportion is reduced at
50,000 MWd/MT to only 10% of the flow being subsonic and 90% of the
flow being sonic through the hole. Similar results are obtained by using
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the experimental fission-gas-·release data.   In the following calculations,
pnly sonic flow of gas through the hole has been assumed to be capable of
blocking the interstitial region around fuel elements. Therefore, only the
sonic-velocityportion of the gas flow through the rupture hole is considered.

As indicated in Section III.C above, the hole size is extremely im-
portant in determining the conditions conducive to fault propagation by
blanketing of adjacent pins with fission gas. Figure 22 shows the duration
of gas flow at sonic velocities as a function of hole diameter, fuel burnup,
and fission-gas-release fraction. The figure also shows the range of in-
terest for fault propagation. This range was obtained by' the following
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process: Assuming complete isolation of a faulted Mark-II fuel element,
we estimated from the material heat capacities that without a sodium6,7

bond the temperature of the fuel in the element would rise at approximately·
12650F per sec. Assuming that the elemerits adjacent to this faulted fuel
element are sodium bonded, we computed the temperature of the fuel in
them to rise at a rate of approximately 932'F per sec. The lengths of
time that adjacent fuel elements must be gas-blanketed to reach the tem-
peratures at which sodium boiling, cladding failure, or fuel melting would
occur were then calculated by assuming the following temperature thresh-
olds: sodium boiling at 17000F, cladding failure at 2000'F, and fuel melt-
ing at ZOOOaF. Table II gives the results and includes the time-to-failure
values based on the results of TREAT transient experiments which indicate
that a fuel element will fail when cladding temperatures reach the range of
1778 to 18590F. By considering the sonic flow of gas out of the orifice, the
gas expansion to the average system pressure of 30 psi at 10000F, and the
flowrate of primary sodium in Rows 4 and 5, where the experiments would
be placed, we generated Figs. 23 and 24. These figures indicate the criti-
cal fission-gas-blockage time for fault propagation in EBR-II Mark-II fuel
elernents.

Using the results in Table II, we can determine when fuel melting,
cladding failure, and sodium boiling could occur (assuming no internal
pressurization of the fuel element in the case of sodium boiling).  In prac-
tice, these conditions could occur only when the fuel has been burned to
many tens of thousands of MWd/MT and contains a large supply of fission                -
gas.  Therefore, it is concluded that no sodium-bond boiling could occur in
practice, owing to internal pressurization of the fuel element by fission
gases. However, to obtain a lower limit of the range of interest, we as-
sumed sodium-bond boiling at atmospheric conditions. As noted in
Table II, this boiling would take place in 0.65 sec. To allow for uncer-
tainties in the model and data, 0.2 sec has been taken as the lower limit,
or the shortest time in which gas blanketing could induce cladding failure
in adjacent pins. The upper limit for cladding failure is approximately
1 sec. In addition, Fig. 24 shows that at 50,000 MW d»iT the interstitial
regions around fuel elements can be blocked for approximately 5 sec if
the elements are located in Row 5. Allowing for uncertainties, this limit
has been moved up to 10 sec.  Thus, the critical range of interest for fault
propagation from all burnups and fission-gas-release fractions considered
included hole sizes from 1 mil (- 10.0 sec of gas blanketing) to approximately

TABLE II. Times to Reach Failure Temperatures Following Gas Blanketing

Starting Failure Time to Reach
Failure Mode Temp, of Temp, T Failure Temp, sec

Sodium-bond boiling 1095 1700 0.65
Fuel melting 1175 2000 1.00
TREAT results - 1778-1859 0.77-0.86
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20 mils (-0.2 sec of gas blanketing) in effective diameter. As noted in Sec-
tion III.C above, a perforation having an effective diameter ofapproximately
0.15 to 0.30 mil is sufficient for the fission-gas monitoring system to re-

spond with an alarm be fore all sodium bond has been extruded froma faulted
'      element.   Thus the upper and lower time limits are physically bounded, so

that the lower limit represents the shortest time inwhich material tempera-
tures can rise enough to initiate a second failure inan adjacent element, and
the upper limit is dictated bythe volume of gas available at the highest
burnup and by the response time of the detection system.

In summary, assuming 100% fission-gas release, the internal

fission-gas pressure is approximately 400 psi at a burnupof 20,000 MWd/MT,
and increases to 1600 psi at 50,000 MW d MT.  If the experimental data are
used, these numbers are lower, yielding a maximum of approximately 950psi
at 50,000 MWd/MT. At burnups of 7500 MWd/MT or greater, the pressure
ratio is higher than that required for sonic flow out of the nozzle, assuming
xenon is a perfect gas.  With the use of experimental data for fission-gas
release, however, the pressure ratio does not exceed that required for sonic
flow until burnup is well over 20,000 MWd/MT, For burnups greater than
30,000 MWd/MT, an appreciable amount of flow from the nozzle will be sonic.
The time at sonic-flow velocities depends on hole size and pressure con-
ditions. The critical range of interest for fault propagation has been identi-
fied as that which results from a rupture hole of 1 to 20 mils in effective
diameter.  If the fuel element is placed in Row 5,'conditions of failure in
adjacent fuel elements may be theoretically produced by blocking the coolant
flow around these elements with gas for 0.65 to 1 sec. The conditions for
fault propagation are discussed in some detail in Section IV.

E.  Interaction of Sodium and Molten Fuel

The consequences of an interaction of sodium and molten fuel depend
on the initial temperatures of liquid fuel and coolant, the properties of the
fuel, and the volume of fuel and sodium involved. The models described in
the appendixes is definitely the worst upper-limit case. This model assumes
that initially the fuel and sodium are mixed, at constant volume, and that
temperature equilibrium is attained before expansion takes place.  The
mechanical-work potential is based on the assumption that thermal equi-
librium exists at all times between the molten fuel and the mixture of sodium
liquid and vapor.     One  of the critical parameters   in this study  is   the  maxi -
mum fuel temperature theoretically obtainable during a failure involving
loss of bond. Assuming that (a) the initial operating temperature is approxi-
mately 11000F in Row 5, (b) because of gas blanketing, the fuel temperature
rises at a rate of 932'F/sec, and (c) gravity is the only force causing the
fuel to flow downward and interact with the sodium bond, we can compute the            -
worst temperature conditions at which interactions between sodium and
molten fuel can occur.  The time for the level of molten fuel to drop approxi-
mately 0.5 ft (worst case) under the force of gravity is approximately
0.2 sec.  If we assume that the melting point of the fuel is 20000F and that
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the heat of fusion is equivalent to 509'F, the first point at which ·liquid fuel
would be fully available for flow would be approximately 25000F. Because
it takes 0.2 sec for the fuel level to fall 0.5 ft and for the fuel to react with
the sodium in the vicinity of the molten fuel, this temperature could in-
crease to 2700'F if the fuel did not contact the cladding. This temperature,
approximately 1700 K, is considered an upper limit for the fuel tempera-
ture in a partially bonded fuel element.

If a fuel element is essentially unbonded and swollen to the cladding
and there  is a failure, the melted fuel could eventually be forced out of the
failure point. This model assumes that the fuel temperature could rise at
approximately 1265'F/sec.   If we assume  2000'F for the meltin  tempera-
ture and 509'F for the heat of fusion, and add 2500F (approximately) for
additional heating before the fuel contacted the sodium, the maximum tem-
perature achievable would be 28000F (approximately 1800°K).  Id the
studies repofted here, the maximum range of interest for fuel temperatures
is assumed to be between 1700 and 20OOOK (allowing for uncertainties).
These upper limits are the worst conceivable theoretical values.

Figure 25 shows the maximum work (Wmax) from ari interaction of
sodium and molten fuel as a function of initial fuel temperature (taken as
1150 K).  At a fuel temperature of 17000K and a coolant temperature of
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1150'K, the maximum work would be 20 J/g of fuel.  At 20009<, this value
rises to 35 J/g of fuel, The final pressure of the expanding vapor is 1 atm.
Figure 26 shows the maximum work from an interaction of sodium and
molten fuel as a function of the mass of sodium involved and the fuel tem-
perature when the sodium temperature is held constant at 900FK.  As the
figure shows, the maximum work possible for the various fuel tempera-
tures peaks between 0.020 and 0.026 g of sodium per gram of fuel.
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Figure 27 shows the effect of varying the coolant temperature.
This figute gives the maximum work from an interaction of sodium and
molten fuel as a function of initial temperatures of sodium and fuel.  In-
creasing the initial fuel temperature from 1700 to 20009< ata steady
9000K sodium temperature increases the work from 20 to approximately
35 J/g of fuel, or by a factor of less than two.  At a constant fuel tempera-
ture of 1700 K, but with the coolant temperature increased from 800 to
11509K, the maximum work increases from 20 J/g of fuel to approximately
24 J/g of fuel, or approximately 20%. Figure 28 shows the maximum vapor
pressures attainable using this intimate-mixing model. The maximum
pressure is a function of fuel temperature, coolant temperature, and the
mass of sodium reacting in the mixture.  For a fuel temperature of 20000K,
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a coolant temperature of 1150°K, and a coolant mass of 0.005 g/g of fuel,
the maximum pressure attainable is 74 atm, or approximately 1100 psi.
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TABLE III. Energy-conversion Efficiency (E) Under· these pessimistic con-of Sodiurn Molten Fuel Interaction at 900°K
ditions, it is interesting to note theCoolant Temperature
energy-conversion efficiency of the

Temp, 9<    Wmax' J/g of fuel    E(WmaJEfa)     sodium molten fuel interaction.
Table III presents the computed ef-1700 20.3 0.075

1850 27.3 0.093 ficiencies based on the energy content
2000 37.0 0.116 of the fuel. At 1700 K,the efficiency

aEnergy content in fuel at temperature shown. is 7.5%; at 20009K, the efficiency
rises toapproximately 12%. There-

fore, under theoretical conditions, the efficiency of the interaction is no
greater than 12% in the worst case considered. The effects of the interac-
tions on surrounding fuel elements and on the hexagonal can of the sub-
assembly are discussed in Section IV.

IV.   CONDITIONS FOR FAULT PROPAGATION

A. Fission-gas Blanketing and Material Temperatures

Two basic modes of fault propagation are envisioned following a
primary break in the cladding and a release of fission gas. These modes,
depicted in  Fig.  29,  are:

1.    A "burn-through" of the cladding of the adjacent element (caused
by the impinging of ahigh-velocity jetof gas from the ruptured fuel element),
followed by high temperatures from gas blanketing and leading to failure of
cladding or fuel in additional adjacent fuel elements.

2.   The release of fission gas from a failed fuel element and the
subsequent gas blanketing of the axial interstitial regions between fuel ele-
ments and failure of adjacent fuel elements.

These two models have one thing in common: gas blanketing that re-
sults in higher-than-normal temperatures in fuel-element material.  The
THTBB generalized three-dimensional heat-transfer program was used to
calculate the material temperatures resulting from partial gas blanketing
of a Mark-II fuel element. In these calculations, two power levels (50 and
62.5 MWt) were usedalong with beginning- and end-of-life conditions of the
Mark-II fuel pins. (In beginning-of-life conditions, a large sodium annulus
is around the fuel pins; in end-of-life conditions, the fuel is swollen and is
contacting the inner cladding surface, and the sodium bond is greatly re-
duced. Figures 30-33 show the detailed models and the maximum material
temperatures resulting from these calculations. Figures 34-37 show the
radial profiles obtainedaround the circumference of the fuel element.   The
worst conditions are achieved at end-of-life conditions and 62.5 MWt opera-
tion. As noted in Fig.  33, a sector greater than 200° must be gas-blanketed
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before any part of the fuel pin will be in a melting condition. (With end-of-
life  conditions  and high fast fluence  on the cladding, cladding rupture  may
occur before fuel melting. However, fuel melting is a well-defined point
and will be used in the discussion under Section IV.A.)

The above results indicate that a sector greater than 200° must be
blanketed with gas before any adjacent pin cbuld reach a failure point lead-
ing to breaching of its cladding and the release of its inventory of fission
gas under pressure. Figure 29 shows a typical arrangement of fuel ele-
ments in a Mark-II subassembly. The shaded areas indicate possible areas
of gas blanketing resulting from various fuel-element ruptures.  As the
figure indicates, the location of the wire wrap would limit the gas blanket-
ing resulting from a single rupture to a 1800 sector of a fuel element. Under
end-of-life conditions and 62.5 MWt, a 1809 blanketing would result in a fuel
and cladding temperature approaching 1650'F. It is questionable whether
the cladding surface would rupture because of some unknown failure phe-
nomenon. Under the conditions assumed, failure would not occur, and no fuel
melting would be experienced. The radial temperature profiles (Fig. 37) in-
dicate that only a small portion of the fuel at this degree of gas blanketing is
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Fig. 29. Possible Modes of Fault Propagation Resulting from
Fission-gas Blanketing in a Mark-II Subassembly
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approaching the normal melting point of U-5 w/0 Fs. Using the classic
Clapeyron Equationg relating the variation in melting point with pressure,
we calculated the AT AP for U-5 w/0 Fs to be about 0,05'C atm.  This is
based on the assumption that the density of the liquid fuel is reduced by 5%
of the density of the solid fuel.  If a maximum internal pressure of approxi-
mately 100 atm is assumed, this would reduce the normal melting point by
5°C or 90F (a small effect). However, this same internal fission-gas
pressure greatly increases the effective boiling point of the sodium bond.
The effective boiling pointio of the sodium bond at 100 atm is calculated to
be about 31000F. Therefore, during those gas-blanketing transients that

(- produce fuel melting, the sodium bond will not boil because of the high in-
ternal fission-gas pressures.  This is not true at beginning-of-life con-
ditions.   In fact, the first point of failure would probably be the boiling  of
the bond in the early stages of irradiation. However, this is based on t}ie
assumption that there is some source of gas blanketing other than fission
gas; there would not be sufficient fission gas to blanket the pins under early
beginning-of-life conditions.

The above model is believed to be extremely pessimistic in that it
assumes that the high-velocity jet of gas could uniformly blanket a surface
of 1800 or could keep the interstitial regions blanketed between several fuel
elements. Owing  to the highly turbulent flow within the Mark-II fuel  sub-
assembly, the gas being released could be dispelled, either because of the
helical wire wrap or the turbulence inside the fuel subassembly.  The pre-
ceding calculations indicate the extremely remote possibility of fault propa-
gation due to gas blanketing of Mark-II fuel elements. The conditions under
which gas blanketing could occur are extremely restricted even under
worst-case conditions.

B.  Interactions of Sodium and Molten Fuel, and Structural Analysis

This section deals with the interactions of sodium and molten fuel in
the Mark-II fuel element following the initial rupture of the cladding and
the slow release of sodium bond from the fuel element. A basic consider-
ation in the calculations is the thermodynamic upper limits on conversion
of thermal energy in the fuel to mechanical energy in the form of vaporiza-
tion of the sodium bond. The results of some of the calculations of mixing
U-5 w/0 Fs and sodium in various mixtures were given in Section III, where
it was pointed out that the maximum fuel temperatures achievable, as  a
credible upper limit, would range between 1700 and 2000°K. As noted in
Fig. 25, this corresponds to a mechanical energy of 20-35 J/g of fuel
involved.

The first part of this discussion will deal with these upper-limit
values, considered to be the worst case. This initial discussion will be fol-
lowed by a dynamic calculation of a loss of sodium bond and a detailed heat-
transfer calculation resulting in material temperatures that would
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be experienced during the initial loss of sodium'bond in the Mark-II fuel·I
element. These upper-limit calculations are based on the fact that. thei·rrial
equilibrium exists instantaneously between the fuel and the liquid sodium
and that this equilibrium remains throughout the expansion of the sodium
vapor  in the mixture.

The basic fault-propagation mode we are considering here involves
a possible shock wave and subsequent gas pressure pushing on the interior
of the Mark-II fuel subassembly. In assuming an instantaneous equilibrium,
we have an energy release that is sufficiently high ·to transform liquid so-
dium into vapor at high temperatures and pressures. The subsequent high              ,
pressures can cause shock waves to propagate throughout the interior of
the· Mark-II subassembly. These shock waves and the subsequent expansion
of the hot vapor behind the shock wave can cause damage to the adjacent
fuel elements. The expansion of the shock wave is assumed to be spherical,
and in such a case, the shock-wave energy in the vertical direction is nor-
mally taken to be two-thirds of the total, and in the radial direction, one-
third of the total.

These assumptions then apply to the following structural analysis
of the upper limit of damage:

11

1.   One-third of the total energy release is directed radially and
must be accounted for by some kind of absorption mechanism.  (It is also
assumed that the escaping sodium vapor will do little damage, owing to
condensation.)

2.   To establish an extreme upper limit, the energy release is
accompanied only by a shock wave.

Two energy-absorption mechanisms are considered:

1. Energy absorption by the stainless steel tubing and hexagonal
can of the Mark-II subassembly.

2. Energy absorption by the stainless steel structure and the

U-5 w/0 Fs  pins  in the Mark-II fuel elements.

It is difficult to establish the geometric dissipation of energy in the
subassembly, and the subsequent analysis will be based simply on the ten-
sile strength of stainless steel in the Mark-II subassembly.· The energy-
absorption process envisioned in this structural analysis is simple strain
of the material in absorbing the energy released from the interaction of
sodium and molten fuel. (Details of this theoretical model are presented in
Appendix D.) The basic model evaluates the equivalent weight of material
required (as characterized by its tensile strength, allowable average elonga-
tion, and strain rate), and this equivalent weight is converted into the
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number of fuel elements or subassemblies required to absorb the energy
release from the assumed interaction of sodium and molten fuel. Figure 38
shows the assumed tensile strength of Type 304 stainless a s   a   func -steeliz
tion of temperature.  In the subsequent analysis, three tensile strengths
were assumed in order to cover a range of temperature and environmental
uncertainties. These three tensile strengths are 50,000, 30,000, and
15,000 psi, which, according to Fig. 38, would cover temperatures of 1100
to 16000F.
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The equations listed in Appendix D were solved, and the results
are graphically presented in Figs. 39-41 (these simple relationships are
presented graphically for future reference). Figure 39 shows the simple
conversion of energy release in inch-pounds to energy release in calories.
Figure 40 presents the tensile strength of Type 304 stainless steel as a
function of the specific plastic energy of stainless steel. Figure 41 indi-
cates the variation of specific plastic energy of stainless steel  as  a  func -
tion of the total strain of the material.
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As indicated earlier, the maximum energy release expected from
an interaction of sodium and molten fuel will range between 20 and 35 J/g
of fuel involved. The upper limit of the amount of fuel involved is taken in
these calculations to be the total inventory in one fuel pin.  This is approxi-
mately 55 g of fuel, which converts to a total energy release of 4600 to
8000 cal. Using the relationships presented in Appendix D and various
tensile strengths of the material involved inthe absorption process, Fig. 42
presents the total weight of stainless steel required to absorb the energy
release.  If the tensile strength of stainless steel is 50,000 psi and the
energy release is 4600 cal, approximately 5 1b of stainless steel are re-
quired to absorb this energy and dissipate it through strain in Type 304
stainless steel. If the tensile strength is reduced to 15,000 psi, the re-
quired mass of stainless steel is increased to approximately 17 lb.
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In an average Mark-II subassembly, the average weight of stainless
steel in the core region available for energy absorption is approximately
3.5 lb. Using this value, one can compute the number of subassemblies
that may be affected by an energy release resulting from an interaction of
sodium and molten fuel. Figure 43 shows the number of subassemblies af-
fected vs the energy release when assuming only stainless steel as an ab-
sorbing medium. The figure includes the effect of tensile strength on the
number of subassemblies affected.  If the energy release is 4600 cal and
the tensile strength is 50,000 psi, a maximum of 1.5 subassemblies will
be affected by this interaction of sodium and molten fuel.  If the tensile
strength was reduced to 15,000 psi for the same 4600-cal energy release,
the  number of subassemblies affected would approach  five.

If we now attempt to account for the effect of the fuel pins inside the
tubing, we get the results depicted in Fig. 44.  For the equivalent energy
release of 4600 cal and an effective ·tensile strength of 50,000 psi, about
three-fourths of a subassembly would be affected by this energy release.
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These results are based on extremely conservative assumptions, on·a
simple structural-analysis model, and on upper limits based on rather
severe assumptions. One reason for varying the tensile strength over the
range chosen was the uncertainty of the fast fluence on the Mark-II clad-
ding material as a function of time at temperature. These data are now
being obtained and should be useful in future analyses.
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Energy Release and Tensile Strength ( a) When Stainless Steel
and Fuel Absorb the Energy Released

Two key parameters in the above analysis are the fuel temperature
and the volume of fuel involved in the interaction of the sodium and molten
fuel. To place a more realistic limit on the expected interaction of sodium
and molten fuel in a Mark-II element, the three-dimensional heat-transfer

program (THTB) was used to compute the fuel temperature following the
initiation of loss of sodium bond from the element. Figure 45 shows the
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basic model considered in this analysis. As indicated, the only area sub-
jected to a heat-transfe'r analysis was that portion of the tip of the fuel pin
that was uncovered and partially bonded by fission gas to the cladding and
flowing coolant while the remainder of the pin remained bonded by sodium
to the cladding and flowing coolant. Two power levels (50 and 62.5 MWt)
were considered in these analyses.

FISSION -ll-
-GAS
PLENUM

LOWERED
SODIUM

BOND LEVEL GAS  CLADDING

SOD IUM -·-                        #<
BOND

LEVEL
3777.9  REQUIRED

f   - f- 1              -il- COOLAN
SODIUM BOND

DETAILED THTB
HEAT TRANSFER MODEL

111#' -            lili /. C.,,...
FUEL FAILURE

Fig. 45. Model for Sodium-bond Leakage and Conditions for Inter-
action of Sodium and Molten Fuel in a Mark-II Fuel Element
(beginning -of-life conditions)

Parametric studies indicated that a very small portion of a pin
would be at elevated temperatures following a loss of sodium bond.
Figure 46 shows the results obtained from THTB heat-transfer calcula-
tions for 50-MWt operation and partial loss of sodium bond.  In this anal-
ysis, the top 125 mils of the fuel pin was considered important.  The
resulting temperatures are indicated in the fuel, gas bond, cladding, and
coolant regions. At 50-MWt steady-state operation, the maximum fuel
temperature achievable was 1759'F.  In the region bonded by fission gas,
the maximum temperature achieved was 1362'F. The total height of the
area considered was  625 mils, and the maximum sodium temperature  in
the bond region at 50 MWt was approximately 10700F.

At 62.5 MWt, the conditions are different, as shown in Fig. 47.  The
maximum fuel temperature is 1950'F, and the gas-bond temperature ex-
ceeds 1460'F. The maximum sodium-bond temperature under these con-
ditions is 111 loF. To compute the energy release resulting from the
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mixing  of the hottest fuel with the hottest coolant under these conditions,
we have taken 19500F as equivalent to 1400 K and 1111'F as equivalent to
9000K. Figures  25 and 27 show that, under these conditions, approximately
5.6 J/g or approximately 23 cal of energy would be released with the mix-
ing of the hottest fuel with the volume of the hottest sodium coolant. Using
the equations in Appendix D, we note that the radial energy release, equiv-
alent to 25 cal, is approximately 309 in.-lb of energy.  If we assume a
tensile strength of 50,000 psi, which corresponds to a temperature of
approximately 11000F, the equivalent mass of stainless steel required to
absorb this energy release is about 0.028 lb. This required amount of
steel would indicate that only one fuel element would be affected in a sub-
assembly of 91 elements. Allowing for uncertainties due to the effects of
fast fluencd on the cladding material, one of the adjacent elements might
also be involved because of this interaction of sodium and molten fuel.

The inte raction of sodium and molten fuel requires sodium boiling
and vapor formation and hence is dependent on fission-gas pressure.  The
reason for this is the effect of internal fission-gas pressure on the sodium
boiling temperature. The above analysis assumed atmospheric pressure.
Figure 48 shows the sodium vapor pressure as a function of temperature.
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Fig. 48. Sodium Vapor Pressure as a Function of Temperature
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-              As noted in Section III.D, a pressure of 1600 psi may be experienced near
the end-of-life conditions.  This is equivalent to approximately 100 atm, a
pressure corresponding  to a sodium boiling point of approximately 18000C.
Because the fuel would melt at approximately  1100'C  in this postulated
failure, no sodium vapor would be formed in the presence of a high fission-
gas pressure. Therefore the calculations presented above assumed the
atmospheric boiling point of sodium. This assumption implies physically
that the rupture hole must be at the level of the interface of the sodium
bond and the molten fuel and that fission-gas pressure must be absent so
that sodium vapor would form.

If the break was located at the bottom of the fuel element, then we
would have the possibility of superheating the sodium bond (assuming no
heat loss to the flowing sodium), but would have little or no formation of
sodium vapor within the fuel element if there was any fission-gas pressure.
The maximum temperature being used for computation in the above analysis
is 1100'C, coriresponding to a sodium vapor pressure of approximately
4 atm.  Assuming 100% release of fission gas,-4 atm of fission-gas pressure
would correspond to a fuel burnup of about 2500 MWd/MT. If we use the ex-
perimentally measured fission-gas release and swelling rate for Mark-II
type fuel, 4 atm of fission-gas pressure would correspond to a fuel burnup
of approximately 20,000 MWd/MT. These results indicate that the fault-
propagation mode involving interaction of sodium and molten fuel is most
severe at the begirining-of-life conditions, when the fission-gas pressures
are low, as opposed to the gas-blanketing mode, which is most severe at
the end-of-life conditions, when the fission-gas pressures are extremely
high.

V.    C ONC LUSIONS

This report considered two modes of fault propagation under steady-
state operating conditions. There are (a) fission-gas blanketing of adjacent
fuel elements resulting from an initial cladding failure, and (b) interaction
of sodium and molten fuel within a fuel element, resulting from a loss of
sodium bond. The conditions for fault propagation are well defined on the
basis of the physical properties of the Mark-II fuel element and of the
EBR-II reactor.

A. Fault Propagation by Fission-gas Blanketing Mode

For the fission-gas blanketing, the following conclusions can be
listed:

1.   Detection by the fission-gas monitor of fission gases following
a sodium-bond leak before all sodium bond is lost from the element requires
the,:diame te r  of the rupture  hole  to  be  less  than  0.15  to  0.30 mil, assuming
a circular hole. This would provide a 10 r min transport delay time for the
fission-gas monitor to respond.
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2.   Depending on the assumptions of fission-gas-release fractions              -
from the fuel pin to the gas plenum, gas pr.essures will vary up to approxi-
mately 1600 psi at end-of-life conditions and 50,000 MWd/MT.  For the
initial design burnup level of 20,000 MWd/MT, the worst fission-gas pres-
sure would not exceed 500 psi.  If the experimentally measuted rates of
fission-gas release and fuel swelling were used, the internal fission-gas
pressure at end-of-life conditions and 50,000 MWd/MT would not exceed
1000 psi.

3.    Sonic flow of gas outof the rupture hole could be achieved at

burnups greater than 7500 MWd/MT, assuming a 100% release of fission
gas. With experimental data, sonic flow could be achieved at a burnup of
approximately 22,000 MWd/MT, At end-of-life conditions and 50,000 MWd/MT,
the pressure ratio between internal gas pressure and external system pres-
sure would be approximately 30, assuming 100% gas release, and would be
approximately 20 if experimental data were used.

4.   The percentage of flow from the elements that is subsonic would
be  extremely low at end-of-life conditions, approaching  10% for burnups  in
excess of 30,000 MWd/MT, so that over 80% of the flow out of the rupture
hole would be at sonic velocities. The credible range of interest for fault
propagation corresponds to hole diameters of approximately 1 to 20 mils.

5. Assuming worst-case heating conditions following gas blanketing
of a fuel element, fuel melting could be experienced at approximately
20,000 MWd/MT, assuming 100% gas release, and at 30,000 MWd/MT,
assuming experimental data for fission-gas release.

6.   At 62.5-MWtoperating conditions, approximately a 2000 arc
of the surface of the cladding must be blanketed with gas before the fuel
reaches the melting point.

7.   The most credible gas-blanketing sector, owing to the geometri-
cal arrangement of fuel elements and wire wrapping in the subassembly, is
that with a 1800 arc. Therefore, it is concluded that, although the release
of fission gas from a ruptured element could elevate the temperatures of
surrounding fuel elements, the degree of gas blanketing would nQt raise the
temperature in those elements to the point where they would fail.

8.    Finally, if a failure did occur inadjacentelements, the failure
would probably.be upstream from the initial failure and the rupture hole
would probablynot fall in the restricted range of 1 to 20 mils in diameter.

B. Fault Propagation by Interaction of Sodium and Molten Fuel

Conclusions drawn from the studies of fault propagation by interac-
tion of sodium and molten fuel resulting from partial loss of sodium bond
are as follows:

1/
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-                                          1.      The. upper-limit fuel temperature achievable during  a partial
loss of sodium bond lies.between 1700 and 2000°K, assuming worst-case
conditions of noheat loss from the fuel pin (i.e.,·no radial-axial heat
transfer).

2.     Assuming the above temperature limits, and the formation of
vapor and its expansion to 1 atm, the available work would vary between 20
and 35 J/g.of fuel involved.

3.    The maximum work would be achieved with a sodium-to-fuel
1)veight ratio of approximately 0.025, assuming a fuel temperature of ap-
proximately 2000 K. ,(The actual weight ratio of sodium to fuel in the fuel
elennent is approximately 0.021.)

4.   The effect of fuel temperature is such that increasing the fuel
temperature from 1700 to ZOOOIK·increases ·the available maximum work
energy from 20 to 35 J/g, or a factor of less than two.

5.   Increasing the sodium temperature from 700'>K to approximately
9509< increases the maximum work by approximately: 20%.

6.         Under the worst set of.conditions.  for the worst   case,   the   maxi -
mum pressure computed did not exceed 80 atm.

7.   The total energy release that must be absorbed in the structure
is between 4600 and 8000 cal under the worst set of conditions (i.e., the
entire inventory of fuel and sodium in one fuel element interacts).  On the
basis of the simple model presented in Appendix D and a tensile strength
of 50,000 psi, the number of subassemblies affected by the interaction of
the total inventory of fuel and sodium in one fuel element would be between
1.5 and 2.5.  If the tensile strength were reduced to 15,000 psi, approximately
five to eight subassemblies could be affected by the shock wave. These re-
sults are based on using only stainless steel as an absorbing medium. If
credit were taken for the fuel inside the element, these numbers would be
lower.

8.   Based on a three-dimensional heat-transfer model, the maximum
fuel temperature achieved at 62.5-MWt operation is 19500F. The maximum
sodium temperature at the interface of the fission gas and the s6dium bond
is 11lloF. These numbers correspond to a fuel temperature of 14002< and
a sodium temperature of 9000K. The volume of fuel involved in the postu-
lated failure is computed to be 0.016 cc, equivalent to approximately 0.3 g.
Allowing for uncertainties, the maximum amount of fuel available for inter-
action with sodium is assumed to be approximately 1 g..

9.   At a fuel temperature of 14001 and a coolant temperature of
900 K, the total vvork available would be 5.6 J/g (assuming that 1 g of fuel
interacting at the optimum sodium-to-fuel ratio would yield Sn energy re-
lease of 5.6 J), or approximately 23 cal. Assuming 25 cal to include
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uncertainties, a stainless steel mass of 0.028 1b would be required to ab-
sorb the energy release, at a tensile strength of 50,000 psi. This would
correspond to less than one fuel element. Allowing for uncertainties in
tensile strength, more than one fuel element could be involved in the effects
of the interaction of sodium and molten fuel.

10.  Because the structural analysis assumes that the energy is re-
leased instantaneously, the above limits are considered to be extreme upper
limits. Most probably the energy release from an interaction of sodium
and molten fuel would proceed much more slowly and the shock wave would
be greatly reduced; therefore, it is concluded that only one fuel element
would be involved in this loss-of-sodium-bond incident.

C. Proposed Experimental Programs

The results of this study have defined a fairly narrow range of con-
ditions to be studied in assessing the effects of fission-gas blanketing or
interaction of sodium and molten fuel in Mark-II fuel elements.  It is pro-
posed that model tests be constructed for operation in the TREAT experi-
mental reactor to test the variables defined in this report and to assess the
upper-limit values of material temperature, energy release,· and structural
damage. Very little damage would probably be experienced in these   TREA T
tests and subsequent EBR-II tests; confidence in the inherent safety of the
Mark-II fuel-element design would thereby be increased.

..

1-,
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APPENDIX A

Flow of Sodium Bond out of a Cladding Rupture

The flowrate of sodium bond was computed by assuming that the
cladding rupture hole was a thin-plate orifice4 (as shown in Fig. 49).

PO

/

1

Zo    f  , / POG,1       .

Fig. 49. Model for Sodium-bond Release
from a Rupture Hole in Cladding

The weight rate of flow of sodium bond from a rupture hole in
lb sec (FB) is given by

  Zgc(PO - P2) + 2g LPNa(Zo - Zi)  PNa
/                                       FB   =   CAR  1/                                                                                      '                           (1)1 - a2

where C is the discharge coefficient;

AR is the area·of the rupture hole, in in.2;
gc is the conversion factor, 32.17 ft-lb/lb (force)-secz;
Po is the internal fission-gas pressure due to irradiation, in psi;

P2 is the external system pressure, in psi;

g £ is the local acceleration due to gravity, in ft/seci;
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PNa  is the sodium density, in lb/ft3;
Zo is the initial height of sodium bond, in ft;
Zl is the distance from bottom of fuel element to rupture hole, in ft;

and

a is the ratio of the cross-sectional area of rupture hole to inside-
diameter area of the cladding.

In practice, 2 LPNa(Zo - Zi) is very small and is set equal to zero.  The
factor 1 - az is set equal to 1.0 since az, the square of ratio of the rupture-
hole cross section to the inside diameter of the cladding tube, is <<1.0
for hole sizes of interest. Therefore, Eq. 1 can be simplified to

FB   =   C.AR V/2gcPNa<PO - P2)·                                                                                   (2)

The factor  C is the discharge coefficient for the orifice and was
varied from 0.5 to 1.0. Figure 50 shows the measured variation of C as
a  func tion of Reynolds number  A/Ao  for  the VDI (Verein Deutscher
Ingenieure) standard orifice. 13,14
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-         ·                                     APPENDIX B

Release of Fission Gas

1. Assumptions

The internal fission-gas pressure in a Mark-II fuel element is a
function of (a) fission gas released, and (b) fuel swelling. The quantity of.
gas released.from the fuel pin determines a major portion of the internal
fission-gas pressure. Fuel swelling in the Mark-II fuel pin is of increasing
importance as fuel burnup is increased. The following assumptions were
made to bracket the limits of the Mark-II internal fission-gas pressure:

a.   All the fission gas produced in the fuel pin is released to the

gas plenum. (This case is called "100% released.")

b.   The fission gas released is a function of fuel swelling and can
be interpreted as given.in Fig. 16.  (This case is called "experimental
data. ")

c.    The gas-plenum volume is reduced by fuel swelling (i.e., an
increase in the sodium-bond level) as follows:

Burnup, Fraction of Decrease in
MWd/MT Gas -plenum Volume

10,000 1.00

20,000
-

0.90

30,000 0.67

40,000 0.67

50,000 0.67

(This case is called "fuel effect.")

2. Gas Production

Bromine, iodine, krypton, and xenon are assumed to be the only
volatile fission products at -1000°F. Table IV lists the assumed yields

12

of these gases per 100 fissions15,16 in the fuel.

The volume (at standard temperature and pressure) of fission gas
generated as a function of total energy produced in a Mark-II fuel pin is
given by

3atorns fissions liters cnn

fission x   MWd   x mole x literVSTP -                         3         ·                           (3)atonns cnn
X -mole        ft3
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or -

VSTP (for Mark-II fuel pin) = 0.956 x 10-3 ft3 per MWd of energy.      (4)

The weight of fission-product gases produced can be computed by using
the perfect-gas law and assuming the gas produced to be xenon.  For the
Mark-II fuel pin the weight of gas is calculated as

WFP = 3.48 x 10-4 lb per MWd of energy.                          (5)

Correcting for the amount of fissionable metal fuel in the fuel pin, we can
compute the burnup (B/U ) in units of 10,000 MWd/MT per pin and for the
Mark-II fuel pin. Thi6 quantity is equal to

B/U per pin = 0.518 units (of 10,000 MWd/MT).                   (6)

Therefore, the weight of fission-gas generated may be rewritten so that

WFp per pin = 1.806 x 10-4 lb (per unit of 10,000 MWD/MT).      (7)

TABLE IV. Assumed Yields of Fission-product Gases

Atoms of Gas per 100 Atoms Fissioned

Fast ThermalAtomic Stable

235U 239PUWeight Gas 235U 238U 239PU 24OP U 241PU Remarks

79       Br      0.042     -                 -        - - Precursor has 6 x 104 years half-life
80           Kr 0.075 0.22 - 0.22 -      1 x 10-5 0.017

81                     B r 0.135 0.14 0.010.35 0.35

82                     K r 0.25 0.50 0.008 0.50 0.008 4 x 10-5 0.02

83                     K r 0.38 0.64 0.1 0.64 0.1 0.544 0.29

84 Kr 0.62 0.85      0.2        0.85       0.2 1.00 0.47

85                 Kr 1.15 1.10 0.33 1.10 0.33 0.29 0.127 Gas has 10.6 years half-life

86           Kr 1.65 1.38 0.53 1.38 0.53 2.02 0.76

87-126         -                            -
127 1 0.26 0.12      0.6        0.12       0.6 0.13 0.39

128            -              -             -
129 1-Xe 0.79 1.00     1.8      1.00     1.8       0.80 1.9 lodine has 107 years half-life

130            -              -             -                            -
131 1-Xe        3.2         3.2        4.9          3.2         4.9 2.93 3.78 lodine has 8 days half-life

132                 Xe               4.45             4.7               5. 7                4. 7                5.7 4.38 5.26

133            -              -             -                            -
134 Xe 7.8 6.6 6.5 6.6 6.5 8.06 7.47
135            -              -             -
136         Xe        6.2        5.9        6.7         5.9         6.7 6.46 6.63

Totals 27.00 26.56 27.37 26.56 27.37 26.76 27.12

3.  Flow of Fission Gas from a Rupture Hole in Cladding

Figure 51 depicts the model 7 used to simulate fission-gas flow.
The rupture hole was treated as a flow nozzle.
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Fig. 51. Model of Fission-gas Release from                                                                           -
a Rupture Hole in Cladding

The release of fission gas from the rupture hole will increase as
the absolute pressure ratio Pi/Pz is decreased, until the linear velocity
in the nozzle attains the velocity of sound under system conditions.  (Pl
is transient pressure, in psi; and Pz is external system pressure, in psi.)
(In this study, system conditions were assumed to be 10000F and 50 psia.)
The value of the pressure ratio at which sonic velocity is achieved (termed
the critical pressure ratio, Pcr) is given by

(k/k- 1)p«r = p,/p, = (k_ l)                                  (8)
where k = Cp/Cv is the ratio of specific heats. Values assumed for the
specific heats of xenon are

C  = 4.97P

and

Cv     =     2.9 8

as predicted by the kinetic theory of gases, so that k = 1.67.  With this
value of k, the critical pressure ratio for fission gas xenon is
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Pcr - Pi»z = 2.05.                                (9)
Under critical-flow conditions, the weight rate of flow of fission gas (CD),
in lb/sec, is given by

 gck< 2 \(k+1/k-1) , Api  
a)   =  CAR V 3r C ETT) (10)

A
where R is the universal gas constant; A is cross-sectional area, in in.2;
and Tl is transient temperature, in 'F.

A value of 1.00 was used for C, the discharge coefficient, so that

P
(D    =    2.0 ZAR    -rf- · (11)

4 Ti

The total amount of fission gas released at acoustic velocity can be
calculated by equating the loss of fission gas from the fuel pin to the total
flow through the rupture hole, or

(rnl)c  drnl    -   

tc
a)    d t,                                                                                                                                                         (1 2)

Jmo

where (mi)C is the mass of fission gas at critical pressure ratio for sonic
flow, in lb; mo is the initial gas mass, in lb; ml is the transient mass of
fission gas,in lb; and tc is the time at critical gas flow, in sec.

Substituting  Eq.  11  into  Eq.  12,  we  have

-     f  (rn.,

c

dmi. j|     2.02        dt.                                 (13)
rtc ARPl

mo              o

Assuming isothermal expansion of the fission gas inside the fuel
element, we have

P1v·1 - Po 0
(14)ml·I'l moTo

or, since Tl = To and VI = Vo, we have

Pl = (Inl/4no)Po. (15)
".

Substituting Eq. 15 into Eq. 13, and using To for Tl, we have                              
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-  f (rn,)9 *1 = ft -2.52   .R/Il
c ·  ·  IA PO                  9:'... 3 ...6 .,

dt, (16)·

J  mo                                                                o                                        mo          To

and integrating, we have

1 (mi )C PO       '  -·      1n = ARtc (17)2.02 nno
mo  o

or

mo JT0 F
(rni)cl (18)ARtc =

1 - 1n
2.02Po L rrlo  

Thus, if we assume a rupture-hole area (AR), we can compute the
time tc during which flow of fission gas is at acoustic velocity.

4.  Conditions for Fault Propagation

Initial fault-propagation conditions would exist if the adj.acent
interstitial coolantareas between fuel elements were gas-blanketed (as
shown in Fig. 52).

I
/

+
'

1

FAULTED FUEL INTERSTITIALAREA

ELEMENT
BLANKETED WITH

FISSION GAS

CO                                                       Fig. 52. Fission-gas Blanketing of Interstitial Coolant-flow
Area by Cladding Rupture and Gas Release
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If EBR-II average system conditions of 30 psi and 10000F are assumed in                -
the region of the core coolant, the volume in. in.3 of gas available is given by

maRTZ
VC = · (19)

P2  '

where m2 is the total mass of fission gas released, in lb. Assuming the
local coolant-flow velocity of vf in./sec and an interstitial flow area of
Af in.3, then a gas discharge rate D.R. of

D.R. = vfAf in:/sec (20)

would keep the local coolant channel around adjacent fuel elements blocked
with fission gas.

Since VC is the volume of gas available, and D.R. the required dis-
charge rate for blockage, the time tB (in sec) a channel is blocked is
given by

'B   , E-R: (21)

5.  Limitations of Fission-gas Model

The  above fis sion-gas fault simulation has the following limitations:

a.   The scatter in the fission-gas-release data for Mark-II fuel ele-
ments introduces anuncertainty in calculations of gas pressure.

b.   The amount of sodium absorbed by Mark-II fuel in the swelling
process leads to an uncertainty in the gas-plenum volume.

c.   The type of credible rupture that may occur in irradiated
material is unknown.

d.   The size of credible rupture cracks is unknown.

e.   The geometry of credible rupture cracks is uncertain.

f.     The effect of turbulent coolant flow on gas discharge was not
considered.

g.    The influence of wire-wrap supports on gas flow was not
considered.

Even with the above-mentioned limitations, however, the models. in
Section III.A established a plausible upper limit (worst case) for fission-gas
blanketing around Mark-II fuel elements.
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-                                           APPENDIX C

Interactions of Sodium and Molten Fuel

With loss of sodium bond, sodi.um and molten fuel could interact as
a result of uncovering the Mark-II fuel pin. The extent and consequences
of this interaction depend on the temperatures of the fuel and bond, the
amount of materials involved, and many other system parameters. Because
of the complex nature of this problem, only upper-limit calculations were
attempted. The following models are based on work by Hicks and Menziess
and some later work. The method used in these calculations is based
on the following assumptions:

1.   The temperature of the molten fuel is above the boiling point
of the sodiurn bond.

2.   Sodium and molten fuel are intimately mixed at constant volume.

3. Thermal equilibrium in the mixture is achieved before expansion.

4. Thermodynamic equilibrium is assumed throughout the adiabatic
expansion process.

5. After expansion, the pressure of the sodium vapor is down to
1 atm rather than at local system pressure.

6.   The liquid fuel and sodium bond are incompressible.

7.   The liquid fuel and sodium have negligible specific volume com-
pared with the vapor phase.

8. Sodium vapor behaves as a perfect gas.

9.   The specific and latent heats are independent of temperature.

Within the above as sumptions, the adiabatic relation for the mixture
of rnolten fuel and sodiurn is given by

dT
(rnSE + Sf) -T  + Ld -T  = O. (22)

where

m is the mass of liquid sodium, in g/g.of fuel;
SE is the specific heat of liquid sodium, in J/g-OC;

Sf is the specific heat of liquid fue-1, in J/g-oC;
T is absolute temperature, in IK;

L is the latent heat of evaporation of sodium, in 3/g; '
"

and

x is the mass of sodium vapor, in g/g of fuel.
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Integrating this equation, we have           ·

Lx
T    =  (mS,g + Sf)  ln Trrv/T, (23)

where

mS£ T    +  S  Tc  f f
Trn

-
(24)

rnSE + Sf

in which equation TC is the temperature of liquid sodium, in 'K; and Tf is
the temperature of liquid fuel, in. 0K.

The work done in joules (W) during adiabatic expansion is .given by

W =  (mS£+Sf)(Tm-T)-x(L'- RT) (25)

down to x=m a t T=T V (when the sodium is vaporized), where R i s the
universal gas constant. The subsequent adiabatic expansion is given by

mR ln [PVTV/P]  =  (mS     + Sf) 1n (TV/T) (26)gP

and the additional work by

W - Wl - (rnS + Sf)(TV-T). (27)gV

In Eqs. 26 and 27,

Pv is the vapor pressure of the sodium, in dynes/cmz;

Tv is the temperature at which all available sodiumis vaporizedin 'K;

Sgp is the specific heat of sodium at constant-pressure, in J/g-OC;

Wl is the additional work, in J/g of fuel;
and

Sgv is the specific heat of sodium vapor at constant volume, in
3/g-OC.

The basic parametric values used in the main body of this report are:

Tf = Variable Tc = Variable
Sf = 0.16 J/g-°C SE   =    1.2  J/g-aC

S           =    0.9 J/g-oC R    =    1/3  J/g-'CgP

L = 4000 J/g S           =    0.0 0 5   J/g-aCgV

5220Pressure vs temperature' (sodium vapor) =log P (atm)  =.4.521 -                              0
T,  K '
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-·                                          APPENDIX D

Structural Analysis

An energy release from an interaction of sodium and molten fuel
could damage the internal structure of a Mark·-II fuel subassembly. Analy-
ses of such structural damage are subject to considerable uncertainty
resulting from the time dependence of the energy release, the detailed
modeling of the georrietry of structure, etc. An effort was made to elimi-
nate or at least minirriize this uncertainty by establishing upper-limit
worst-case conditions. A simple and direct method similar to that of the
containment study in the FARET design report was used.11 This method
used the following assumptions:

1.   The total amount of energy released radially is one-third the
total energy release.

2.   The energy is absorbed by plastic stretching of the sub-
assembly structures.

3.    Credit can be taken for rapid dynamic loading (i.e., dynamic
tensile yield strength is 25% higher than static yield strength).

4.   The structural members of a Mark-II fuel subassembly are
capable of a total strain of -0.05.

5.   The only structural com4onents considered for energy
absorption are (a) the stainless steel members of the subassembly and
(b) the fuel pin. No credit is taken for dynamic damping by the sodium
coolant.

The total energy release from an interaction of sodium and molten.
fuel is computed in terms of joules/gram of fuel involved, so that the
energy release in inch-pounds is given by

ET = WT (J/g) mass (g) x 4.185 (cal/J) x 3.087 (ft-lb/cal) x 12 (in./ft),.
(28)

and the radial damage component of the energy release (in inch-pounds) is

ERE = (1/3)ET. (29)

The dynamic tensile-yield strength cd (in psi) of Type 304 stainless
steel is assumed to be 25% higher than the static tensile-yield strength.  In,
addition, the total strain €p is assumed to approach 0.05, so that the specific
plastic energy Ep is given in in. -lb/in. 3 by

EP = ad€p, (30)
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or, for Type 304 stainless steel having a specific weight of 0.283 lb/in.3,

E s - ad€P in.-lb/lb. (31)0.283

In establishing an upper limit for damage propagation, we have
neglected the elastic energy absorption of the Type 304 stainless steel,
so that the total amount of steel, in lb, required to attenuate the energy
release is given by

EREWss =    ·                                  (32)Ess
P

i
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