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THE CONSEQUENCES OF SODIUM BOND

LOSS FROM AN LMFBR CARBIDE FUEL ELEMENT

by

Jerry F. Kerrisk

ABSTRACT

The consegquences of sodium bond loss from a uraniun -plutonium
carbide fuel element during normal steady state operatfon have been as-
sessed. The elements considered ara typical of those currently being
irradiated in EBR-II, and include elements with and without shroud tubes.
The analysis presented is very conservative {n that the many simplifying
aspumptions required were made to predict worse consequences than
would be found in a realistic analysis, Followlng sodium bond loss, fuel
melting occurs, but the fuel rapidly resolidifies after slumping out to
contact the clad. Even if molten fuel were lost through an existing clad
failure, the maximum fuel temperatures attained are below those requir-

od to initiate a vapor explosion in the sodium coolant,

The small amount

of mclten fuel that might escape through an existing clad failure would
have little or no effect on adjacent elements.

1, INTRODUCTION

The uranjum-plutonium carbide fuel system is a
primary candidate for use as an advanced fuel in liquid
metal fagt breeder reactors. This fuel system offers
significant advantages over uranium-plutonium oxide in
reactor doubling time and breeding ratio, mainly due to
the higher fissile atom density in the carbide fuel. There
are two fuel element designs being actively studied uc!ng
(U, Pu)C fuel. 2 A heltum-bonded fuel element uses
helium gas as the thermal bond between the fuel and the
metallic (usually stainless steel) clad tubing, The initial
fuel-clad diametral gap 1s small (usually less than
0.3 mm) so that fuel-clad mechanical interaction occurs
during irradiation due to fusl swelilng. Fuel centerline
temperatures are In the range of 1400-2000°C initally,
but drop during irradiation as the fuel-clad gap closes
and better thermal contact is obtained. A sodium-bonde.
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fuel element uses liquid sodium as the thermal bond be~
tween the fuel and clad. The initial fual-clad dlametral
gap is normally in the renge of 0.4 to 0,8 mm; this is
large enough to allow fuel swelling without fuel-clad con-
tact during the life of the element. The large gap is
possible since the high thermal conductivity of liquid
sodlum results in very small temperature drops through
the gap region., Fuel centerline temperatures are
normally less than 1200°C.

A potential safety problem with sodium~bone .1
fuel elements is the behavior of the element following a
loss of the sedium bond. The most probable cause of
sodium bond loss is a clad fallure below the sodium level
in the element which allows the bond sodium to be lost to
the coolant. At beginning of life, the pressure in the
element plenum above the bond sodium will only be

slightly higher than the coolant pressure. However, as



Irradiation proceeds, fission gas will be released from
the fuel so that end of life pressures in the element
plenum can be much greater than those in the coolant,
Thus throughout the fuel element life a driving force
exists for sodium bond loss to the coolant, Following
bond loss, the liquid sodium will be replaced by plenum
gas. At the beginning of life this is pure helium; by the
end of life the plerum gas 1s mostly fisslon gas (xenon
and krypton), which bas a much lower thermal conduc-
tivity than helium. The change from liquid sodium to
plenum gas in the bond reduces the thermal conductance
of the bond by about an order of magnitude; thus, high
fuel temperatures and likely fuel melting will follow loss
of sodium bond.

An added complication L. considering the loss of
the sodium bend 1s the presence of fuel fragment re-
straints or shroud tubes in elements. 2,3 Shroud tubes
are perforated thin wall (less than 0,1 mm) tubhes which
fit around the fuel with a small diametral gap (epproxi-
mately 0,05 mm). The shroud tubes are designed to
prevent fuel fragments from cracked fuel nellets from
rearranging inside the clad. Fuel fragment rearrangment
and mechanical interaction with the clad during {rradia-
tion can lead to localized clad stresses. Some fatlures
in sodium-bonded elements have been attributed to this
phenomenon, Shroud tubes with a high melting point
(tantalum) and with a low melting point (316 stainless
steel) have been lmed.3

The object of this report is to assess the conse-
quences of a loss of soditum bond from a carblde fueled
element during =ormal steady state operation. The
complexity of the initial fuel element state (for example,
its burnup, fission gas release, fuel cracking pattern,
gap size, and linear power) and the further complexity of
the phenomena following bond Ioss precluce a realistic

- analysis of this accident. Thus the analysis here ls
meant as a conservative or iimiting assessment of bond
loss, and is not representative of what would actually
happen. Many simpiifying assumptions were made
throughout the analysis; these assumptions were con-
gservative in the sense thc* ‘hey tend to predict worse
consequences than would result from a realistic analysis.

Even with the series of conservative assumptions made,
the consequences of sodium bond loss are far from cata-~
strophic. Fuel melting can occur, but the fuel will re-
solidify on contact with the clad. Loss of sodium bond
from a fuel element would have little or no effect on
adjacent elernents.

Section 2 of the report describes the nominal fuet
element parameters and the steady state operating condi-
tions of the fuel elements being analyzed. Section 3 dis-
cusses the consequences of a logs of bond through a clad
failure during normal operation., Tals section is divided
into discussions of a model used tc; calculate fuel and
clad temperatures following bond loss and a presemntation
of the maximum fuel and clad temperatures calculated.
Section 4 presents a calculation of the sodium coolant
temperatures resulting from interastion with molten fuel
that might escape from the elemert. Both instantaneous
molten fuel-coolant interface temperatures and butk cool-
ant heating are considered. Section 5 contains a discus-
sion of the overall aralysis,

2, ELEMENT DESIGN AND NORMAL OPERATING
CONDITIONS

The fuel elomenta considered here are based on
the design of the "Series U5100 Singly Clad Carbide
Experiments" which are being irradiated in EBR-I. 3
Each fuel elemert contains uranium-plutonium carbide
fuel pellets encloysed in A metallic clad tube which is

7.14 mm (0. 281 In) i, d. by

7.87 mm (0,310 in) o.d.
Some elemente. have shroud tubes. Each element is wire
wrapped for cnolant flow spacing in the subassembly.
Table I lists i description of the fuel elements along with
nominal operiting conditions of each slement. The linear
power and fu:] element temperatures were calculated
using the PINTEMP code,® For the calculation, the sub~
assembly (16 fuel elements and 1 dummy element) was
assumed to be In corelucation 4B1 in EBR-II, with a
total sodium. flow of 4620 cm®/s (78 gpm). The nominal
fisslon rates for this location® were reduced by 9% to
compensgate for the latest eatimates of actual EBR-II
fiseion rates at 62,5 mW. The maximum goa! burnup of
these elements i8 12 at.%.



TABLE I
U5190 SERIES ELEMENT PARAMETERS AND OPERATING CONDITIONS

a Fuet® c Outlet!

Element Fuel Density Diametral d e Peak Linear Peak Fuel Peak Clad  Na Coolant

Number Type % Theo. Gap, mm Shroud Clad Power, kW/m Temp., °C Temp.,°C Temp,,°C
U241 MC 94 0.46 None 304 SS 107 1035 565 466
U242 MC 93 0.44 None 304 S8 107 1040 576 477
U243 MC 93 0. 80 None 304 S8 103 1030 559 463
U244 MC 93 0,44 Nonsg 304 S8 107 1035 565 466
U245 MC 93 0.81 None 304 SS 103 1033 569 473
U246 MC 93 0.43 None 316 SS 110 1058 581 480
U247 MC 93 0.81 None 316 SS 103 1027 558 463
U248 MC 93 0.81 None 316 S8 101 1022 565 471
U249 MC 93 0.43 None INC-800 109 1057 581 479
U250 MC 93 0.81 Nors INC-800 101 1055 628 536
U251 MC 93 0.81 None 304 SS 101 1056 629 537
U252 MC 93 0,64 \' 304 8§ 101 1028 566 471
U253 MC 93 0.66 Fe 304 S5 99 1046 624 533
U254 MC 93 0.66 304 SS 304 SS 99 1045 623 533
U256 MC+15%M203 96 0.61 v 304 SS 102 1017 557 462
U257 MC+15%M2C3 96 0.58 Ta INC-800 101 1048 629 537
U268 MC+15%MQC_3 96 0.58 304 58S 304 S8 101 1048 329 537
U259 MC+15%M203 96 0.58 304 §s INC-800 103 1020 558 463

a. M= (U.gSPu.ﬂ,).

b. Theoretical Density of MC = 13.45 g/cm3; Theoretical Density of M,Cg = 12.72 g/em?.

c. The shroud thickness is not included in the diametral gap thickness,

d. Shroud tubes are 0.0 mm thick tubes with slots over 25% of the tube area.

@. All clad material is solution annealed.

f. The inlet Na temperature was assumed to be 371°C.



The fission gas content of the plenum gas and the
total plenum pressure which would result during steady
state irradiation were calculated for these elements for
a number of assumed fission gas releases. For a plenum
volume of 15 cm? there were 6 x 10~ moles of helium in
the plenum at fabrication (atmospheric pressure and
25°C). At 12 at,% burnup, 1.5 x 10~2 moles of fisslon
gas (Kr + Xe) will be generated, Assuming a linear
generation and release rate with burnup, the total plenum
prassure and its composition can be calculated. Table O
shows the results of this calculation, The helium content
of the plenum gas will be used to estimate the thermat
conductivity of the gas which replaces the sodium bond
following bond loss, The total plenum pressure will be
used to estimate the possible rate of nwolten fuel loss
through a clad failure following bond loss,

The fuel-clad gap thickness will vary during steady
gtate irradiation due to clad swelling and fuel swelling,
Clad swelling was estimated for the fuel element condi-
tions in EBR-II. Clad temperatures were taken from the
steady state calculations using PINTEMP, Clad fluences
were estimated using 7.2 x 10% n/cm? (>0, 1 Mev) per
at.% burnup (peak) at the core midplane, and 5.6 x 102
n/cm? (> 0,1 Mev) per at,% burnup (peak) at the top of
the core. Table III lists the range of clad swelling cal-
culated for the elements in the subassembly as a function
of burnup, The wide range results from the variation of
clad material, fluence, and temperature throughout the
subassembly. Fuel swelling was assumed to be a con-
stant 3 vol% per at,% burnup, Using the clad swelling
and fuel swelling estimates, the gap thickness can be
calculated as a function of burnup. Initial gap thickness
(at room temperature) ranged from 0.43 mm to 0,81 mm
(see Table I). Table HOI also lists the maximum gap
thickness calculated for clements with initial gaps of
0.43 mm and 0,81 mm, The maximum gap results from
agsuming the maxdmum clad swelling, Even using the
maximum clad swelling rate, the fuel swells faster than
the clad, Thus the gaps get smaller as irradiation
proceeds.

TABLE I

Y5100 EL.EMENT PLENUM PRESSURE AND
HELIUM CONTENT OF PLENUM GAS

% Fisslon Atom % Plenum % Helium in
Gas Release Burnup  Pressure, atm Plonum Gaus®
20 L1} 2.5 100

3 6.4 45

6 10.0 28

9 13.5 21

1z 17.0 16

3¢ 1 2.5 100
3 8.0 36

6 13.3 21

9 18.5 15

12 23.7 12

50 0 2.5 100
3 11,5 24

20.3 14

29.0 10

12 37.9 7

% The remainder of the plenum gas {g fiegion gas (15% Kr and 85% Xe).

TABLE OI

CLAD SWELLING AND GA© SIZE

Burnup Vol?xi:gtrlc Maximum Gep _
at. % Swelling, % mm mm
(] 0 0.43 0.81

3 0-0.2 0.23 0.e2

6 0-1,7 0.08 0.48

9 9.1-5.6 0.0 0. 38

12 0.2 ~12.0 (&) 0.3

8 Maximum burnup of small gap elements limited
to 8 at. %.



G, LOSS OF BOND DURING NORMAL OPERATION
3.1 Geners) Considerations

The causs of sodium bond loss considered I8 a clad
defect which allows the bond sodium to be lost from the

clement into the coolant. The release would cause an in-
crease {n finsion product activity in the coolant, and is
thus detectable.

a. & clad defect occurring below the top of the fuel

The sequence of events involved is:

column,

b. the loss of the sodium bond through the defect
into the coolant,

c. gas blanketing of the fuel by plenum gas which
reduces the thermal conductance o1 ihe bond,

d. fuel (and shroud) melting if the linear power is
high enough and the gap large enough,

e. slumping of the molten fuel (and shroud)
against the clad which inrreases the thermal ccnductance
of the bond, and

f. resolidification of the molten material,

Causes for concern during this sequence are possible
clad melting from contact with the molten fuel, and the
poscible flow of molten fuel out the cladding defect into
contact with the coolant sodium where a molter: fuel cool-
ant interaction (MFCI) can occur.

The likelthood of clad melting from contact with tho
molten fuel can be estimated from calculations of the clad
surface temperature following contact with the moiten
fuel. Experimental evidence is also available from irrad-
iation tests where molten fuel did contact cladding. The
likelihood o! a sevare MFCI 18 mainly determined by the
maxdmum fuel temperatures attained. If the molten fuel
is hot enough to raise the sodium coolant temperature
above its homogeneous nucleation temperaturs, then a
vapor exploaion is posaible.

In the U5100 Series there are three groups of ele-
ments which could ehave difierently following a loss of
bond:

a, the unshrouded elements, U241 through U251,

b. the elementa shrouded with stairless steel,
iron or vanadium, U252, U253, U254, U256, U258, and
U259, and

c. the element shrouded with tantalum, U257.

Thie grouping is based on the presence or absenco of &
shroud tube and the melting point of the ghroud tube. In
the unshruuded elements there is nothlng to restrict the
slumping of the molten fuel out to the clad. In the ele-
ments shirouded with stainless steel (1425°C melting point),
iron (1540°C melting point), and vanadium (1290°C melt-
ing point) the shroud raterial will melt before the fuel is
completely molten (2440°C liquidus temperature). Thus
the molten fuel and shiroud can slump out to the clad. In
the element shrouded with tantalum {2995°C melting point)
the shroud will not be molten when the fuei starts to slump.
Thus, the fuel will be forced to slump through the shroud
tube slots to contact the clad.

The remainder of this section describes the models
uged to calculate the maximum fuel tempersiures attalned
following & loss of bond, and the maximum clad tempera-
tures attained following contact with molten fuel. The
results for a variety of conditions are presented.

3.2 Heat Transfer Calculational Model
Heat transfer calculations were performed for

threw model elements:

a. an unshrouded element with 0, 83 mir (33 mil)
diametral gap between the fuel and clad i.d.,

b. an element with a 304 stainless ateel shroud
and a 0.53 mm (21 mil) diametral gap between the shroud
o.d. and clad 1.d., and

c. an element with & tantalum shroud and a 0.53
mm (21 mil; diametral gap between the shroud o.d. and
clad i.d,

These aro the lai,~st initlal gap sizes in this subassembly.
Calculations were performed using initial gap sizes as a
conservative assumption since these are the largest gaps
during the life of the element. The element with the
stainlenn steel ahroud is also meant to cover the elements
with iron and vapadium shrouds, Althovgh the properties
of vanedium sre somewhat different than stainless steel,
the outcome of the calculation 18 very ‘nsensitive to the
shroud properties as long as the shroud has melted when
the fuel has staried to slump.

The calculations werse one dimensional (radial) and
sssumed concentric fuel, shroud, and clad, The neglect
of axial conduction and of the poasibility of liquid sodium



remaining around the circwnference of the bond i3 con~
gervative iu that it will pred‘ct higher fuel temperatures
than if these other conduction paths were coneldered,
The effect of pellet eccentriclty was estimated by per-
forming an approximate steady state calculation of the
maximum fuel temperatures as a function of relative
accentricity (the ratio of pallet offset to t! e radial gap
when concentric). A gas bond was assumed. Figure 1
shows the ratio of maximum fuel temporature with an
eccentric pellet to the maximum for a concentric pellet,
plctted as a function of relative eccentricity, It is ovi~
dent that any eccerntricity tends to reduce the maxinum
fuel temperature so that a concentric calculatton is con-
servative,

The numearical heat transfer calculations which
determined the maximum fuel temperatures and maxi -
mum clad temperatures used the CINDA codo.s The node
layout for the shrouded and unshrouded elements 18 shown
in Fig. 2. The cold dimenstons used were R; = 3. 15 mm,
Rgy = 2 213 mm, Hg, = 3.202 mm, Ry = 3.5687 mm, and
Reo = 3.937 mm. The material properties are listed In
Appendix A. The heat transfer coefficlent to the flowing
sodium coolant was assumed constant at 105 kW/m? °C.

The heat transfer calculations start at an Initial
steady state temperature diatribution with tho sodium
bond intact. At zero time the gap seZium i completely
replaced by plenum gas and a transient calculgtion follows
the element iemperatures, This I8 a congervative modsl
since any ::quid sodium remaining around the gap would
provide & high conductance path to the clad and thus re-
duce the maximum fuol temperatures. The plenum gas
was assumed to be 10% hellum--90% fission gus. This
amounts to an end of life (lowest thermal conductivity')
cor nosition with a 40% fisslon gas release. Both conduc-
ifon and radiation were allowed across the gas regions,
The fuel, shroud, and clad radif were corrected for t&. -~
mal expansion in the steady state calculation and through-
out the transient calculation, For the fuel thermal oxpen-
sion calculation the fuel was agsumed to te a golid pellet.
The actual fuel with radial cracke will have a greater ex~
pansion. I fuel-shroud contact occurred while the fuel
and shroud were stitl solid, the shroud was assumed to
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Fig. 1. Ratio of maxdmum fuel tempe .cure with an
eccentrie pellet to the maximum for a concen-
tric pellet as a function of ralative eccentricity.
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Fig. 2. Node geometry for heat transfer calculations.
break and continue to expand with the fuel, This occurred
for the tantalum shroud since tantaium has a relatively
low thermsal expansion coefficient. The velume change

on melting of the jfuel is also accounted for by a modifisd
thermal expansion coefficiant in the melting range. This
valume {ncrease does not account for frothing of the fuel,
but is eolely & density change on melting. The heats of
a*(ng of the fuel and shroud are considered using ad-
justs  -oat capacities over the melting ranga.

. sfinition of what occurs once the el and shroud
melt is Aifficult. For the purpoas of temperature
calculation vo models were examined. In the
first model ¢ .~ fuel and shroud wore assumed to



meintain thelr structural integrity even though they had
melted, l.e., no slumping was allowed. Calculations
were performed with this model for the stainless steel
shrouded element only. The thermal expansion ard
volume change on melting of the fuel and shroud were not
sufficient to close the gas »ond, sc that the fuel and
shroud attained a high steady state temperature. It 1s
felt that this Is an overly conservative model which bears
no resemblance to what will actually occur, but the calcu-
latlong were performed to provide some fealing for the
influence of the model assumptions on the temreratures
calculated. Results are shown iz Section 3. 3.

The second model used allows fuel slumping but Is
still considered consorvative. The fuel was assumed to
maintein ite structuratl integrity until the fuel surface
temnperature was above {ts liquidus temperature, 2440°C.
After this point, the funl was ailowed & specific time to
slump out to the clad. depending on the coadition of the
shroud. I« the shroad had melted, 0.1 s was allowed for
the molten fuel and shroud to slump to the clad, This
case covers the stainless steel, ironand vansdium
shrouds. If the shroud had not melted, 0.5 8 was allowed
for the miolten fuel to slump through the shroud slots to
the clad. This case covers the tantalum shroud. The un-
shrouded ciements were also allowed 0. 1 8 to slump to
the clad. These slumping times are considored conserva-
tive estimates of the iime required for the molten fuel to
move the short distances involved. They are greater than
the estimetes used in similar calculations of the melting
of EBR~II metal fuel. 7 A justiflcation for these time
estimates is presented in Appendix B.

Once the fuel or shroud has contacted the cladding,

& heat transfer coeffic ient must be defined between the
contact surfaces. The following assumptions were used:

a. {f two molten surfaces contact (e.g , fuel and
shoud) or if & molten surizce contacts a solid surface,

a nontact coefficlent of 26.4 kW/m? ©C (5000 Btu/h f12°R
was used,

b. if two solid surfaces contact, a contact coeffi-
clent of 5.7 kW/m? °C (1000 Btu/h ft? °F) was used,

c. when molten fuel contacted the clad through the
atill eolid shroud tube, a contact coefficient of
5.7 kW/m? °C (1000 Btu/h ft? °F) was used to approxi-
mate the chance of reduced contact area (the shroud tubes
have 25% slot area}, and

d. crce molten fuel or shroud material has con-
tacted the clad, the contact was meintained.
The choice of 28.4 kW/m? °C for ¢ soild-liquid contact
coefficlent is conservative for calculating peak fuel
temperatures. This value i8 near the upper limit ob-
served for solid- solid conv:a.ct3 and much less than values
assumed to model moiten fuel-clad contact with EBR-IO
metal fuel. 7 A low value for the conductance will re-
strict heat transfer and thus predict high fuel tempera~
tures. For the calculation of peak cled temperatures
following slumping of the fuel, the conservaitve predic-
tions will result from large cortact coefficients. To
cover this limit, the peak cled temperatures following
slumpling in an unshrouded element were also calculated
using & contact coefficlent of 284 kw/m? °C (50, 000 Btu/
h f12 °F). The unshrouded ele:nent calculation was done
since it predicts the highest peak clad temperature follow-
ing slumping. This value for the contact coefficient
approaches perfect thermal contact between the molten
fuel and clad and provides upper limit estimates of the
peak clad temperatures. The choice of 5.7 kW/m? °C
for solid-solid contact is in the range of experimentally
observed contact coefficients for solids. 8 None of the
calcuiational resuits is sensitive to this choice.
3.3 Maxmum Fuel and Cladding Temperatures

Heat transfer caiculations were performed at two
core locations, the core midplane where the element
power is highest, and the top of the core where the
sodium coolant temperature is highest, At the core mid-
plane, the linear power was assumed to be 125 kW/m and
the sodium temperature 450°C. At the top of the core,
the linear power was assuned to be 110 kW, m and the
sodium temperature 540°C. The linear powers are ap~
proximately 14% above the linear power of the highest
powered element, ‘This conservative assumption was
made to account for uncertainties in reector powor and

fission rates in the elements.



The major uncertainty in property dats is the fuel
thermal conductivity, To estimate the effect of this un~
certainty, calculations were performed using fuel ther-
mal conductivities of +20% and ~20% (n addition to the
nominal values listed in Appendix A.

Table I liets the maximum fuel (centerline)
temperatures calculated for all the casex conaidered.
For the cases where molten fuel slumping was allowed,
the tantalum shrouded clement shows the maximum fuel
temperatures. This is due to the longer slumping time
set for this case and the lower contact coefficient uped
once molten fuel-clad contact was established. The
results for the unshrouded ~nd stainiess steel shrouded
elements where sluinping was allowed are quite similar,
The results for the stainless steel shrouded element,
where slumping was not aliowed, are approximately 400°C

higher than the similar cases where slumping was allowed.

The small differerce is meinly due to the fact that by the
time slumping starts the fuel temperaturae are beginning
to peak out.

Figure 3 shows a plot of element temperatures as
a function of time for the stainless steel shrouded element
with the nominal fuel conductivity at the top of the core,
with slumping allowed. Curve 1 is the fuel center, curve
2 ts the fuel surface, curve 3 is the shroid mid-radius,
and curve 4 is the clad inside surface. Shroud melting
starts at about 1.1 8, fuel melting starts in the center at
about 1,6 8, fuel-shroud con‘sct occurs at 2.5 8, fuel and
shroud slumplng starts at 3,15 8, and contact with the
clad is established at 3.25 a. The peak fuel temperature
occrrs in the center at about 3.4 s. Figure 4 shows a
plot for the same conditions except that slumping was not
allowed. Shroud melting, fuel melting, and fuel~shroud
contact occur as in the previous case, but the molten fuel
and shroud are assumed to maintain thelr integrity and
not contact the clad.
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TABLE IV

MAXIMUM FUEL TEMPERATURES

Fuel Core e Fuel b Maximum Fuel
Shroud Slumping Location Coaductivity Temp., °C

Stainless Stael Yes M N 2775
Yeos M +20% 2724
Yas M -20% 2842
Yos T N 2731
Yes T +20% 2669
Yes T -20% 2501
No M 155 3163
No M +20% 3095
No M -20% 3264
No T N 3111
No T +20% 3058
No T -20% 3195
None Yes M N 2702
Yes T N 2677
Yeos T +20% 2648
Yos T -20% 2720
Tantalum Yes M N 3013
Yes T N 2850
Yes T +20% 2918
Yes T -20% 2986

% M = Coze Midplane, T = Top of Core.
b N = Nominal.
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Fig. 5. Clad temperatures as a function of time after

molten-fuel-clad contact for nominal and high
contact coefficients,

The maximum clad temperatures calculated were
for the unshrouded element, where molten fuel contacts
tho clad directly,
tures as a function of time for an unshrouded element at

Flgure 5 shows & plot of clad tempera-

the top of the core. The nominal contact cosfficlent i
28.4 kW/m? °C, while the high contact coefficient is

284 kW/m? °C. The insi-le surface temperature of the
clad is above the melting range for a few milliseccnds
after contact, with the high contact coefficient. With the
nominal contact coefficient, the entire clad is always be=
jow the melting range. It should be emphasized that the
high contact coefficient i8 2 conservative limiting case,
i.®., it is essentially perfect contact between the molten
fuel and clad.

4. SODIUM COOLANT TEMFERATURES FROM
MOLTEN FUEL COOLANT INTERACTION

In this section,the molten fuel temperatures calcu-
lated in Sectlon 3 are used to calculate possible sodium
coolant temperatures resulting from an interaction of
These calculations are aimed
at estimating the lil:elihood of a homogeneous vapor explo-
suon9 or the possibility of bulk heating of the sodium above
ite bolling point, There are two temperature limits of

interest for the sodium coolant. The firat is the mini-

molten fuel and sodium,

mum sodlum boiling temperature {n the subasgembly. The
sodium pressure at the subagsembly exit is approximately
1.5 atm (abs). To limit sodium coolant boiling at this

pressure, the bulk sodium temperatures ghould be less
than 925°C. The second limit, the homogeneous nucleation

10

tew:perature of sodium, is 2300 K ( 2027°C) . Even short
time iccal sodium temperatures shove this limit 2an
cause rand vaporization and possible shock waves in the
sodlum,

Section 4.1 discusses the calculation of the inter-
face temperature between molten fuel and sodium, Sec-
tion 4. 2 discusses the calculation of bulk sodium coolant
temperatures due to possible Icse of melten fuel into ike
coolant channels,

4.1 _Instantaneous Interface Temperatures

Using a model developed by Fauske, 10 the poten-
tial for achieving an instantaneocus molten fuel-godium
interface temperature above the homogeneous nucleation

temperature can be evaluated with the expreasion

»

T.-T I’ thoc ) 3
Ty= T, L(kmp) s

where T is the temperature, k is the thermal conductiv ~
Ity, p is the density, cp is the heat capacity, and gub-
scripts s, f, and i refer to sodium, fuel, and the fuel-
sodium Interface, respectively. Iterface temperatures
were calculated for the maximum fuel temperatures
shown {n Table IV. This is a conservative assumption
since the maximum fuel temperatures occur at the fuel
centerline. Temperatures at the fuel surface adjacent to
the clad failure aze approximately 300°C below the fuel
centerline temperatures. The godium and fuel properties
listed in Appendix A were used in the calculation. When
an increased or decreased fuel thermal conductivity was
uge. to calculate fuel temperatures, this same conduc-
tivity was used to evaluate the interface temperature.
Figure 6 shows a plot of AT = 2027°C -~ T1 ag a function
of fuel thermal conductivity variation around its nominal
values. The quantity AT can be considered as the safety
margin between the calculated sodium interface tempera~
tures and the homogeneous nucleation temperature of
godium, All the interface temperatures calculated are
below the homogenecus nucleation temperature. The
highest fuel temperatures calculated were at the core
midplane (see Table [V}, But the highest interface
temperatures were calculated at the top of the core due
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Fig. 6. Safety margin (AT) as a function of fuel ther-

mal conductivity for a variety of conditions.

to the higher sodium coolant temperatures at this lucation.
Thus, the amallest margin of safety (smallest AT) exists
at the top of the core. As the fuel thermal conductivity
increases, the maximum fuel temy.eratures calculated
decrease (see Table [V), But this decrease in Tf is

more than offset by an increase in the property ratio in
Eq. (D).
(values of AT decrease) as the fuel thermal conductivity

Thua, the interface temperatures increase

Increases.
4,2 Bulk Heeting of the Sodium

Even though the instantancous interface tempera-
ture resulting from molten fuel-sodium contact is balow
the homogeneous nucleation temperature of sodium, it is
possible that bulk heatlng of the sodium can raise its
temperature above the boiling point. Bulk heating of the
sodium will depend on the amount of molten fuel that is
lost from the element and the rate of loss, as well as the
molten fuel temperature. Esti-aates of the molien fuel
loss in turn depend on the internal element pressure and
the clad failure size.

The most uncertain quantity required for bulk heat-
ing estimates is the size of the clad failure. A number of
falled eiements with uranium-plutonium carbide fuel have
been examined after irradiation,
encapsulated experiments in EBR-I, 1 but one element
from the U5100 Series (U248) has failed and is being ex-
amined. 12 Five encapsulated elements (K~36B, K-45,
K-46, B-3-3, and U19%4) have been examined which were
known failures (fission gas was found in the capsule out-

Most have come from

side the element clad), but the failure point was never
located. 1 One of the elements (K-45) was pressurized
to 27 atm while heating the sodium bond above its meltin
point. These resulta indicate an extremely small failure
but are not useful for a quantitative estimate of the fail-
ure size. A number of geverely failed elements with
large cracks in the clad and areas of melted clad have
also been fou1d during postirradiation examination of
encapsulated fuel elements. A description of a mechan-
ism by which slightly fajled elements can progress to
severe fallures through interaction with the capsule has
been presented, u The advanced fuol element failures
observed to date have probably all started as slight fail-
ures. Continued irradiation after the initial faflure pro-
duced the severe faillures. Elements which are not en~
capsulated, such as the U5100 Series, are not subject to
this same mechanism of failure progression from slight
to suvere.

Data obtained during the postirradiation examina-
tion of the U248 element are useful for estimating the
size of the initlal failure. 12 The element was pressur-
ized internally and immersed in liquid. A sraall leak
started at 24 atm pressure. During gubsequent pressure
testing, the failure leaked noticably at pressures as low
as 17 atm. Data on the internal pressure loss of the
elament while it was closed off were used to estimate the
For the calculation, the failure was assum-

The orifice flow formula used Was13

failure size.
ed to be an orifice,

Q=CAJ2AP/p 2

where @ is the flow rate, A Is the hole area, C is the ori.
fice coefficient (0.6), AP is the pressure difference, and
p is the density, The calculuted size of the failure was
4 .0"°mm?at 24 atm end 1 x 10”° mm? at 17 atm. The
fact that the apparent failure size increases with increas-
ing pressure is probably an indication that internal pres-
sure tends to open the crack.

For the purpose of further calculation, two effec-
tive clad failure sizes have been chosen, a moderate fail-
ure size of 6 x 10~¢ mm? (about two orders of magnitude

greater than the estimate above) and a large failure size

11



of 6 x 107 mm? (about four orders of magnitude greater
than the estimate above). These sizes are in the range
used to characterize oxide element fatlures. 14

To estimate the rate at which molten fuel might be
lost through a moderate and lerge failure, Eq. (2) was
again used with a molten fuel density of 10 g/cm?® and o
pressure differential of 70 atm, This essentially assumes
compiete fission gas release. Under these coaditions the
rate of molten fuel ioss through a moderate faiiure would
ke 0,013 em¥/s, and through a large failure would be 1,3
cmd/s,

These estimater of molten fuel loss rates can be
used in two ways, to estimate the total amount of molten
fuei whick might be lost from the element, and to estim~
ate the bulk neating of the sodium coolant. As described
in Section 3.2, when molten fuel contacts the cladding, the
fuel is rapidly quecched. Solid fuel will plug any clad fail-
ure in a short time,
the failure, estimates of the linear failure size and the
rate at which the solid-liquid interface in tha fusl moves

To compute the time required to plug

away from the fuel-clad interface are required. Assum-
ing the clad failures are circular (which is conservative
since it gives the largest linear dimension) the radius of
the moderate failure is 1.4 x 10~% mm and the radius of
the large failure is 1.4 x 10~! mm, The rate at which the
solid-liquid interface in the fuel moves was obtained from
ihe heat transfer model described in Section 3,2, Forthe
contact of molten fuel (surface temperature 2520°C) with
clad, the interface velocity is approximately 6.7 mm/s.
An estimate of the time required to plug the moderate
failure is
(1.4 x 10°2 mm) /(6.7 mm/s) = 2 ms,
and to plug the large failure is 20 ms. Using these time
estimatea, the moderate failure would release
(0.013 cm%/5)(10 g/ecm?(0.002 8) = 2.6 x 1074 g

of fue! while the large failure would release 0. 26 g offuel,

The bulk heating of the sodium coolant will depend
on the rate of loss of molten fuel from the element and
the volume of sodium coolant with which it mixes.
pervative assumption would be that moiten fuel is lost to

a central subchen el of the subassembly and does not mix

A con-
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with other subchannels. The sodium fiow in a central sub-
channel of the subassembly {8 88 cm3/a. The molten fuel
lose rates are small and should not perturb the coolant
flow rates significantly. If molten fuel of an average
temperature Tf is mixed with sodium of temperature Ts'
the final equilibrium temperature '1‘e of the mixture can

be found from an energy balance,

m (ep) ¢ (Tg = Tg) = (L-m)pep) g (T~ TJ,
where m is the volume fraction of fuel in the mixture.
For the moderate fallure

m (0. 013 cm¥/8)/(88 em¥/e) = 1.5 x 107,
and for a large fallure m~ 1.5 x 1072, This calculation
of m ignores axial mixing and is, thus, conservative from
that standpoint, For the calculations it was assumed that
Ty = 3000°C, T4 = 540°C, (pCp. £ = 3.77 J/em? %c, and

(pep)g = 0.837 J/cm® °C.

The final equilibrium temperature of the fuel-godium
mixture is 542°C for the moderate failure and 700°C for
the large failure, Both of these temperatures are below
the boiling temperaturc of sodium at the subassembly out-
let (925°C).

5. DISCUSSION

This report assesses the consequences of a loss
of sodium bond from a uranium-plutonium carbide fueled
element during normal asteady state operation. The ele-
ments congidered are typical of those currently being
irradlated in EBR-II. The analysis includes elements
with and without shroud tubes. Sodium bond loss into the
coolant through a clad failure waa the mechanism con-
sidered.

Maxirwm fuel tamperatures were calculated and
found to be In the range of 2700°C to 3000°C when fuel
slumping is accountad for. If essentially perfect contact
was allowed, inside clad surface temperatures above the
melting range were celculated following contact with mol-
ten fuel.
coefficient were used in the calculation, no clad melting
was predicted. Sodlum coolant temperatures calculated

If less conservative estimates of the contact

for instaneous contact with molten fuel and from bulk



heat!ng were found to he below the homogeneous nuclea-
tion temperature for sodium, Bulk sodium coolant
ter:peratures were also below the bolling temperature of
sodium 2t the exit of the subassembly.

The peak cladding temperatures calculated here
indicate the possibllity of taside surface melting. There
Gulf
United Nuclear Fuels Corporation (GUNF) performed a

are two experiments which relate to this question.

set of GETR irradiations which examined the consequences
of sodium bond defects and loss of bond. 15 Evidence of

an interaction (probably due to inside clad surface melt-
ing} to about 0, 05 mm out of 0,38 mm total c'ad thickness
could be seen in some instances, No clad failures occur-
red in this group of elements. A LASL encapsulated ele-
ment in EBR-I (K-49) was a severe failure and showed
evidence of contact between possibly molten fuel and the
capsule wall (51 s3S), u There was no evidencc of cap-
sule melting or no interaction between the fuel and the
capsule wall, The GUNF experiments tend to substanti=-
ate the calculations performed here, i.e., Inside clad
surface melting may occur from contact with molten fuel,
but it is rapid!y quenched as long as sodium coolant flow
is maintained on the outside of the clad.

The molten fuel-coolant interaction { MFCI) calcu-
lations indicate that the sodium temperatures resulting
from ingtamaneous contact with molten fuel will be 300°C
to 400°C below tae homogeneous nucleation temperature
of sodium for urshrouded elements or those shrouded in
stainless steei 1iron, or vanadium. The tantalum shroud-
ed element may have a smaller margin of safety. This
result indicates that small amounts of fuel ejected from a
clad failure will not cause homogeneous vaporization of
the sodium coolant. Further calculations also indicate
that bulk heatir of the sodium coolant by molten fuel will
not cause homugeneous vaporization or boiling of the
sodium coolant,

Experitients perfcrmed by Atomics International
have some bear:ng on these calculations. 16 TREAT tests
overpowered sodium~bonded UC fuel in stainless stesl
clad which was eurrounded by sodium and a heat sink, In

one test, centerline fuel temperatures of 3150°C, with

some Indications of temperatures as high as 3800°C,were
measured. The maximum pressure measured :n the cap-
sule was less than 13 atm. This transient overpower
completely destroyed the element. Although these test
results cannot be directly translated to the calcularions
presented here, they showed no significant MFCI under
analogous conditions,

As concluding remarks, the generally conserva-
tive nature of the analysis presented here should pe re-
lterated. In the calculation of the maximum fuel iemper-~
atures attained following the loss of bond, the effect of
using initial gap sizes, concentric fuel and ciad, complete
loss of bond sodium, end of life (lowest thermal conduc-
tivity) plenum gas replacing the sodium, no axac >nduc-
tion, power that is 14% above nominal, long slumping
time for the fuel, and no frothing of ihe fuel or. melting
are all conservative. A partial retention of the sodium
bond, significant axial conduction (due io a slow loss of
bond), eccentric suel in tne claa, or shorter siuriping
times would all iend to reduce the maximum fuel wmper-
atures calculated. An allowance for frothing (due o re~
tained fission gas) of the central portion of the fue. av
temperatures above its solidus temperature might even
prevett melting o1 the outer region of the fuel. For these
reasons the maxirzam fuel temperatures calcuiated sacu.d
be considered as upper 1imits, and not necessarily repre-
centatlve of whai world be attained following & loss of
bond.

Tke estin:ates of the amount of fuel that could be
lost through & clad failure and the loas rate are more
gpeculative than the maximum fuel temperature calcula-
tions, but still represent a conservat.ve calculation.
Current evidence about initial clad fulures indicuiee waat
they are tuch sn.ulles than the hole sizes assumed in
this analysis. The estimates presented should be con-
sidered as upper L.raits for initial failures, where the

lower limut is no fuci 10si.
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APPENDIX A

PROPERTY DATA

Thig appendix contains the property data used in
the neat transfer calculations. Table A-1 lists the
(U.5 Pu.,)C fuel property data. Fuel thermal conductiv-
ity was obtafned from an evaluation of experimental data
from five sources. 1-21 Prior to evaluation, all the
data were correr‘ed to 100% theoretical donsity using the

expression
kp - ko 1-p)
{1+p)

where ko and kp are the conductivities at zero pore vol-
ume fraction (100% theoretical density), and at pore vol-
ume fraction p, respectively. The volumetric heat capa-
city is the product of the heat capacity and density. Fuel
density was calculated from the theoretical density of

(U.5 Pu.y)C at 25°C (13,43 g/cm®) and of (U.5 Pu.4,Cs
at 25°C (12.72 g/cm®). The effect of temperature on
density was estimated from thexrmal expansion coefficient
data, 22 and the density chaage on melting was estimated
from data on inorganic salts with a similar struciure. 23
The heat capacity of (U. Pu.,)C fuel was calculated from
the heat capacities of UC and PuC combined according to
their mole fractions. 2 No emissivity data were found
for carbide fuel, so a value of 0.5 was estimated, The
liquidus and solidus temperatures of (U.g Pu.,)C have
beer. n.easured, 2 The heat of fusion of (U.g Pu.,)C was
estimated from an entropy of fusion of 5.5 eu.

Table A-2 lists the stainless steel property data.

These data can be used for 304 or 316 stainless steel.

Standard reference sources were used for the thermal

14

conductivity, e heat capacity, 28 thermal expansion co-
2 density, 2 emissivity, 30 and melting temper-

efficient,
3 of stainless ste=l. The heat of fusion was esti~

atures
mated from the heats of fusion of the component ele-
ments, 32

Table A-3 lists the tantalum property data.
Standard reference sources were used for the thermal
conductivity, 2 heat capacity, 28 thermal expansion co-
efficient, 83

Table A-4 lists the liquid sodium properties used.

All data were obtained from a compiiation of sodium pro-

perty data. 3

Table A-5 lists the properties of helium, argon,

density, 32 emissivity, 30 and melting point. 27

and fission gas used in the calculations, Fission gas was
agsumed to be 15% krpyton and 85% xenon, Thermal con-
ductivity data for all four noble gases were taken from
the same compllation. 35 Data for krypton and xenon were
orly avaflable up to about 500°C, In the temperature
range from 200°C to 500°C the ratio of the conductivity of
krypton to that of argon Is constant at 0,55, while the
ratio of the conductivity of xenon to that of argon is con-
stant at 0.35. Assuming these values hold over the entire
temperature range of interest, and that the conductivity of
a gas mixture can be obtained from the conductivities of
its pure components by mole fraction averaging,

kfg ={0. 15)(0.55)!(A + (0. 85)(0. 35)kA = 0, 3BkA,

where k[g and k 5 are the thermal conductivities of flssion

gas and argon, respectively. Heat capacity data for all

the gases were obtained from the same source. 36



TABLE A-1

FUEL PROPERTY DATA

(U.g Pu,,)C
Volumetric Thermal Coefficient of
Heat Capacity Conductivity Thermal Expansion
Temperature °C J/em3 °C W/cm °C 10-¢ oc=! Emissivity

204 2,97 0. 146 8.9 0.5

427 3.11 0.167 10.0 0.5

649 3.19 0.185 10.8 0.5

871 3.27 0.196 11.2 0.5
1093 3.36 0.210 11.8 0.5
1316 3.44 0.218 12.2 0.5
1538 3.56 0.224 12,45 0.5
1760 3.69 0.228 12.7 0.5
1982 3.82 0.228 12.9 0.5
2204 3.95 0.228 13.1 0.5
2290 2 4.00 0.228 13.4 ¢ 0.5
2291 19,870 0.228 13.4 ¢ 0.5
2320 ~ 0.228 17.5 ¢ 0.5
2365 18.45 P 0.228 25.8 © 0.5
2400 - 0.228 32.0°¢ 0.5
24409 16.57 P 0.228 39.2°¢ 0.5
2441 3.4 0.228 39,2 ¢ 0.5
2704 3.59 0.223 36.8°€ 0.5
2982 3.73 0.228 34.8°¢ 0.5
3427 3.85 0,228 33.7 € 0.5

a Solidus temperature.

b

Simuiates 243 J/g heat of fusion over 150°C temperature range.

© Simulates 20% volume increase on melting over 150°C temperature range.

d Liquidus temperature.
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TABLE A-2

STAINLESS STEEL PROPERTIES

Volumetric Thermal Coacfficient of
Heat Capacity Conductivity Thermal Expansion
Tomperature °C J/em?OC W/em °C 10~¢ oc~! Emigstvity
204 3.03 0,167 16.9 0.2
427 3.12 0,203 17.8 0.2
649 3.34 0.241 8.7 0.2
27 3,52 0.276 18.5 0.2
1093 3.69 0,308 20.4 0.2
1316 3.74 0.341 21.2 0.2
1427 2 3,74 0.341 21.7 0.2
1428 74.90 P 0.341 21.7 0.2
1453 74,90 P 0.841 21,9 0.2
1454 © 3.77 0.341 21,9 0.2
1650 3.77 0,341 22.0 0.2

8 suitdus temperature,

b Simulates 276 J/g heat of fusion over 27°C temperature range.

© Liquidus tempcrature.

TABLE A-3

TANTALUM PROPERTIES

Volumetric Thermal Coefficient of
Heat Capacity Conductivity Thermal Expansion
‘Temperature °C J/em3 °c _Woem °c 1076 0=t Emissivity
204 2,41 0.582 6.5 0.2
427 2,44 0,590 6.6 0.2
649 2.47 0,598 6.6 0.2
871 2,53 0.607 6.7 0.2
1093 2.60 0.615 6.8 0.2
1316 2.67 0.623 6.9 0.2
1538 2.73 0.632 7.1 0.2
1760 2,80 0.640 7.4 0.2
1982 2.90 0.649 7.7 0.2
2204 3.01 0.657 8.0 0.2
2426 3.18 0.665 8.3 6.2
2649 3.48 0.674 8.6 0.2
2871 4.13 0.682 8.9 0.2
2996 2 4.81 0.686 9.1 0.2

% Malting point.



TABLE A4

LIQUID SODIUM PROPERTIES

Volumetric Thermal
Heat Capacity Corductivity Vapor Pressure
Temperature °C J/emd 0¢ W/cm °C atm
204 1.209 0.808 -
427 1.084 0,711 9,5 x 107
649 1.000 0.611 6.8 x 1072
871 0,950 0.510 0.91
982 0.941 0.473 2.3
1093 0.933 0.435 5.0
1204 0,933 0.402 3.6
1316 0.933 - 16.9
TABLE A-5

HEVIUM, ARGON, AND FIS3ION GAS PROPERTIES e

Helium Fisefon Gas b Argon

Thermal Thermal Thermal
Conductivity Conductivity Conductivity

Temperature °C W/em °C W/em °C W/cm °C
204 2,09 x 1073 9.6 x 1079 2,55 x 10~¢
427 2,78 x 102 1.26 x 10~ 3.35x 10
649 3.43x 107} 1.55 x 107 4.06 x 1074
871 4,02 x 103 1.80 x 107 4.69 x 107
1093 4,60 x 1073 2.00 x 1074 5.23 x 107¢
1316 5.19 x 1677 2,22 x 107 5.82 x 10~
1538 5.73 x 107° 2,43 x 10™ 6.40x 10™
1760 6.32 x 1073 2.68 x 10™ 7.03 x 10~
1982 6.82 x 1073 2.85 x 1074 7.49 x 107¢
2204 7.32 x 1072 3.05 x 10~* 8.08 x 107¢
2527 8.08 x 107° 3.39 x 10~ 8.87 x 1074
3027 9.16 x 1073 3.85 x 10~ 10.13 x 10~

8 volumetric heat capacity of all noble gages taken as 8,45 x 10~* J/cm? OC
based on a heat capacity of 20.8 J/mole °C and the gas density at 1 atm and
25°C.

b Fission g=s composition is 157 Kr and 85% Xe.

© Gas mixture thermal conductivities calculated by weighing the individual con-
duciivities by the mole fraction of the components.



APPENDKX B

FUEL SLUMPING TIME ESTIMATE

The time required for the molten fuel to slump out
to the clad was based on a calculation of the potential
energy difference between a volume of fuel before and
after slumping, and the assumption that this potential
energy difference was converied into kinetic energy,
from which a fuel velocity could be estimated, Figure
B-1 shows a diagram of a volume of fuel before and after
slumping, where do and ho are the initial diameter and
height, and df and hf are the final values. Assuming

there is no volume change on slumping,

hf = (doldf)"' ho .
The average potential energy change per gram of materi-
al in the volume on slumping is ﬁ (ho- hf). The average
kinetic energy per gram of materlals is V?/2g, where V
is the velocity and g 18 the acceleration of gravity

1980 cm/s?). Equating the loss of potential energy with
an increase in kinetic energy results in

V=g (1- d;/df*)f" .
This would he the final velocity achieved from the potenti-
al energy change. To calculate the slumping time, the
average velocity Va is needed, This was assumed to be

half the final velocity,
=3V= - 4 27472
vn =3V }[gho(l do /df h)*.
The distance the fuel must move is # (d, - d ), which
ig the rudlal gap. Therefore, the slumping time, ta' is
g, - d) 4-d,

t = = .
s v, [eb 1 - 4 Vant

Calculations of the slumping time for various ditametral
gaps, and initial heights (ho) of 1 and 10 mm are shown
below:

(8}

(df- do)mm ho = 1 mm ho = 10 mm
0.05 0.004 0.001
0.25 0.01 0.003
0,50 0.014 0, 004
0.75 0.017 0,006

The largest initial diametra) gap (cold) is 0.83 mm. The
largest diametral ga~  che start of slumping is approxi-
mately 0.25 mm. This occurs in the unshrouded elements.
The choice of ts = 0.1 g for the unshrouded elements and
the shrouded elements where the shroud has melted is
about an order of magnitude greater than the estimate

here for similar dilametral gaps. The choice of ts =0.568
for shrouded elements where the shroud has not melted is
somewhat arbitrary, but it was felt that some penalty

must be taken for slumping through the shroud holes.

Clad 4{”‘

FM Atter slumping
Ll

/Balova slumping

|

—F -

-e-—’—ll
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Fig. B-1. Fuel slumping diagram.
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