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FAILURE ANALYSIS OF CARBIDE FUELS UNDER 

TRANSIENT OVERPOWER (TOP) CONDITIONS 

.o. H. Nguyen 

ABSTRACT 

HEDL-SA 2006 FP 

The failure of ca:t'bide fuels in tfie Fast Test Reactor (FTR) under Transient 
Overpower (TOP) conditions has been ·.exa.mined. The Beginning-of-Cycle Four 
(BOC-4) au·-oxide base case, at $. 50/sec ramp rate was selected as the 

. reference case. 

A coupling between the advanced fuel performance code UNCLE-T and HCDA 
Code MELT-IIIA was necessary for the analysis. UNCLE-T was used to determine 
cladding fai.lure and fuel preconditioning which served as initial conditions 
for MELT~III calculations. MELT-IIIA determined the time of molten.fuel 
ejection from fuel pin. In the transient analysis, the UNCLE-T gap 
conductance modeling was modified to account for bond boiling in Na-bonded 
fuel elements. A new subroutine was added to MELT to. calculate carbide fuel 
gap conductance. Excellent.agreement was obtained between UNCLE-T and MELT­
IIIA thermal transient calculations up to fuel melting (UNCLE-T did not 
handle fuel melting). 

The He-bonded carbide fuel Zed the accident followed by the Na-bonded 
·carbide fuel. The oxide fuel at the highest power level failed next. ·The 
He-bonded carbide fuel failed cZosera:::..to the aore midplane r~zo cm above), 
the oxide fuel near the top, with the Na-bonded carbide fuel at a location 
in-between. · 

In Na-bonded elements, the Zoss-of-bonding by boiling would cause 
surface fuel to melt, but molten fuel slwrrping on cladding would not cause 
cladding meZtthrough, so long as sodium coolant temperature remains be.low 
boiling. 
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I. INTRODUCTION 

. The FFTF irradiation program includes early carbide fuel tests of less than 
subassembly size. Before carbide fuels can be loaded, their response to 
transient conditions of the FTR must be examined. This work attempts to 
determine the key failure parameters (time and locatiorV of carb.ide fuels 

. under the $.50/sec TOP conditioris in the FTR. 

We consider a test assembly replacing an oxide fuel subassembly at a loca~ 
tion in the FTR row 3. It is a multi-duct grid-spaced assembly, composed 
of 19 He-bonded pins and 18 Na-bonded pins, and surrounded by 90 oxide 
pins. The He-bonded pins have a fuel density of Bl% TD and a diametrical 
gap of 0.015 cm, while "the Na-bonded pins' density and gap are 98% TD and 
0.091 cm, respectively. Both types of pins have an OD of .Q.94 cm. 
Cladding material is 316SS, 20%CW. 

The case considered was a $.50/sec TOP accident in the FTR BOC-4 core [l], 
in which fuel at the location considered had been irradiated for 165.days 
under a steady state power of 384 ·MW. A coupling between the advanced 
fuel performance code '.UNCLE-T [2] and the HCDA code MELT-IIIA [3] was 
necessary for the fuel failure analysis. At the time of this analysis, 
UNCLE::T is the only calibrated advanced fuels code. But UNCLE-T did not 
handle fuel melting, and so the pin behavior beyond melting was calculated 
by MELT-II IA •. The transient power history, an UNCLE-T input, was also 
computed by MELT-IIIA, taking into account feedbacks from sodium density 
change, Doppler broadening and fuel motion, if any. UNCLE-T preconditioned 
the fuel for 165 days, before starting the transient. 

1 
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II. CARBIDE FUEL PRECONDITIONING CALCULATIONS 

Carbide fuel preconditioning was calculated by UNCLE-T and the results 
coupled to MELT-IIIA as initial conditions of the transient calculations. 
For the BOC-4 Base Case, fuel at location considered had been irradiated 
for 165 days. The actual loading schedule of carbide fuel may vary its 
irradiation time prior to the transient, but this assumption provided a 
case study of irradiated carbide fuels. 

Figures 1 through 9 summarize the thermal and mechanical conditions of fuel 
. and cladding after 165 days of irradiation •. At this time, the bur.nup in 

··He-bonded pins ranged from 1.546 a/o in the top axial section to a peak 
value of 2.896 · a_/o in Section 4 (corresponding to axial levels 13 and 14 in 
MELT). In Na-bonded pins, the lowest burnup of 1.448 a/o occurred also at · 
the top section and the peak burnup at Section 4 was 2.712 a/o • 

. 1. Thermal Performance· 
. ·"' ......... 

The results of thermal analysis w·ill .be first examined. The temperature 
. . 

fields shown in Figures~' ·j, and 4 fiav~ been iriterpolated to corresp6n~ 
·to MELT ... IJIA node structure. Wher:iever possible, the results for oxide fuel 

from SIEX [4] and STEADY [3] calculations are also included for comparison. 

· ~igure 1 shows the fuel: surface axial temperature. The Na-bonded carbide 
pin operated at several hundred degrees (K) cooler than both the He-bonded . 
carbide pin and the oxide pin. Remarkably, the fuel surface of the 

·• ·He-bonded carbide pin was hotter than that of the oxide pin, which also has 
a He-bond, although the radius of the latter was much smaller (0.257 cm 
versus 0.4115 cm cold radif). This is believed to be due mainly to the high 
thermal· conductivity of carbide fuel which enhances the transport of heat to 
the outer region. The axial variation in the He-bonded carbide pin was 
quite similar to that of the oxide pin, with a depression in the middle 
sections due to better gap conductance there. This similarity in fuel 

·2 
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.surface temperatures resulted from a similar behavior of the: fuel-cladding 

gap and gap conductance, shown in Figure 2~ The gap was closed at the 
middle sections of the oxide and He-bonded carbide pins. By contrast, the 
gap remained open at all sections of the Na-bonded carbide pin; .its small 
axial variation in gap conductance resulted in a monotonically increasing 
fuel surface temperature shown in Figure 1· 

··· .... 

Figure 3 compares the radial temperatures at node 17 (near core midplane) for 
the.three fuel pins, showing the larger gradient for oxide fuel, due to its 

small thermal conductivity. The high_Na-~ond conductance resulted in a 
small temperature difference ·across the gap in the carbide pin. 

In Figure 4; it is seen that the cladding inner temperatures are comparable 
for both carbide pins, but this temperature is lower for the oxi.de pin • 

. This was caused partly by the high fuel surface temperature in the He-bonded 
carbide pin and by the large gap conductance in the Na-bonded pin, and 
partly by the somewhat higher exit coolant temperature than in the oxide 
.channel. This higher exit coo fant temperature was calculated by W-ARo'[S] 

and used as a boundary condition ~n the current UNCLt-T calculations. 

2. · Restructu~ing ~nd Fission Gis 1nfcirm~tion 

The fact that no fuel restructuring. was ·calculated is consistent with 
current i~radiation experience, which indicates that carbide fu~l restruc­
turing is significant onl_y at a linear rating of 61 kW/ft or higher. [6] 

·.For mechanical analysis, fuel was divided into 5 structural rings, and 
cladding into 2. Figure ·5 shows the axial distribution of total fission gas. 
retained (moles) in several rings. There was a large amount of fission gas 

. retained al-0ng the mid-core sections, because of higher fission gas genera­
tion there. but still low release· a_t the operating fuel temperatures • 

. .., .. 
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Figure .6 does show less fission gas retained in hot fuel at the central 
region. Since Na-bonded ,fuel operated.at much lower temperatures, its 
fission gas retained was essentially the Sa.me throughout the· fuel cross 

section. At the end of the preconditioning period (165 days), 26.6% of 
total fission ga? generated were released in He-bonded pins, while only 0.3% 
were released in Na-~onded pins~ By contrast, 57.28% .of fission_ gas were 
released in the ~xide pin, as calculated by SIEX. 

·Some remarks should be made concerning the flat radial fission gas reten­
tion in the Na-bonded pin shown in Figure .6. A strong radial gradient of 

. . . 
fission products concentration was ob·served in post-irradiation exarni nation 
of the TREAT test SC3 of a Na-bonded element)171 This radial dependence 
of· fission products concentration in SC3 was believed to be a characteristic 
of a severe steady-st~te irradiation conditions ca~sing the fission products 
to migrate outward. The Na-bonded pins considered in this study did not 
undergo a severe preconditioning period and so the fission products gradient 
was expected _to be small, as calculated by UNCLE-T. 

3. . Mechanical Performance 

For both Na-bonded and He-bonded carbide pins, cladding swelling (Figure 7.) 

.reached a peak at Section 7 (correspo-nding to axial levels 19 and 20 in 
.. 

MELT). This peak occurred at a cladding temperature of about 880 K and a· 
fluence of 6 x 1022 (neutrons/cm2), and was a normal behavior of 
316 SS, 20% CW. Remarkably, the.oxide pin ·did not suffer.a pe~k tladding 
swelling because its cladding had_nowhere reached this critical tempera-

• ture. A close look at the swellirig of each cladding ring revealed that in 
·Section 7, the outer ring sustained more swelling than the inner ring, 

resulting in a compressive hoop stress. in the outer ring, shown in ~igure. -·B '. 

The He-bonded pin.generally.sustained more strain than the Na-bonded pin 
: (Figure 9). At the sections where strain was high, the gap had closed, 

· leading to the conjecture that the. ttigher strain i~ the He-bonded pin was 
-··probably the result of a fuel-cladding mechanical interaction (FCMI). In 

9 
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Figure 9,, the circumferential strain also exhibits _a peaking in Section 7 

of both Na-bonded and He-bonded pins •. This peaking cannot be explained by. 

local FCMI, because the gap was still open· for the Na-bonded pin. It was 

likely caused by the temperature~induced swelling noted earlier. 

The results discu~se~ above indicated that UNCLE-T appears to yield reason­

able predictions o_n thermal and mechanical steady-state. performance for 

carbide· fuel, inasmuch as these predictions, in general ,~compare 

favorably:with experience obtained from EBR-II and foreign carbide fuel 

irradiation programs, as reported in the Tucson and Monterey_ International 

. meetings on Advanced Fuels. [8,9] ·. 

. . . . 
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11 l.· DETERMINATION OF FUEL FAILURE 

In TOP-HCDA analysis, molten fuel injection into coolant channel is the 
important event of fuel ~ailures. Depending on the accident conditions, 
cladding breacning could take place prior to or simultaneously with molten 
fuel ejection.· In.the former situation, the interna~ pin pressure required 
to break-up the solid fuel .annulus surrounding the central molten region 

. -
· would be smaller than if cladding integrity is still maintained. Since the 

large carbide fuel thermal expansion enhances the probability of a cladding 
failure prior to fuel melting, UNCLE-Twas first used to exai11ine cladding 

.performance. UNCLE-Thad the riecess.ar;carbide fuel modeling and used the 
life-fraction rule to determine cladding damage. Cladding was divided into 
concentric rings and the ·c-umulative damage fraction DMG was determined·by 
the equation: ~ 

J . ] 
DMG = ~- [4t/tr (er& ,T } J~ 

J=l . 
(1} 

where .ot is the time increment and tr is the time to rupture evaluated at 
• · :a>.ierag·e _hoop ·sfress·-q3; ~.and average temperature T of the cladding rings. 

·Failure was assumed when DMG.>,. 1. The reactor power history, an UNCLE-T 
input, was computed by MELT-IIIA. ~- :•. · 

UNCLE-T determined whether cladding would faiL But cladding might fail 
prfor to fuel melting, which UNCLE-T did not handle. So, prediction of pin 
behavior following fuel melting was based on MELT-IIIA calculations, as was 
the determination of the time and location of molten fuel _ejection. UNCLE-T 
calculations of fuel preconditioning served as initial conditions to MELT 
ca lcu 1 at ions. 

15 
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1. Failure of He-Bonded Carbide Fuel 

Figure 10 shows the section-wis·e maximum cumulative damage fraction in the 
He-bonded element (channel #8) at 1.91 sec into the transient. Clearly Sec­
tion 6 (corresponding to MELT core nodes 11 and 12) .h~d reached the condition 
for cladding breaching at this time. Figure 11 shows that once the cladding 
damage began to accumuate in the He-bonded pin, it. reached the breaching 
threshold in a very short time •. For subsequent HCDA.analysis, the location 

·of failur·e was conservatively assumed to be at the MELT core node 11 (""10 cm 
above core m1dplane). Because the fuel-cladding gap was closed at the onset 

.of the transient, it was assumed·that cladding failure was stress-induced and 
·caused mainly by differential thermal expansion and fuel swelling by fission 
products. Since UNCLE-T ha~ correctly predicted cladding breaching for the 
lREAT test HC3~·(lO] there was some guarded confidence in the time of failure 
as oetermined. Post-test examination of the HC3 element confirmed that clad­
ding breaching was in the form of longitudinal cracks. Information on the 
time and location of initial cladding breaching was not available. It was 
originally thought that fuel melting did.not occur in HC3 test, but more·· 

. recent PIE indicated evidence of fuel. melting• [l l J_ although it was not 
·known whether this happened after or prior to cladding failure • 

At the time of cladding failure·in the He-bonded element, the maximum 
fuel temperature (at axial Section 5, centerline) calculated by UNCLE-Twas 
below melting at 2543°K, although cladding temperature at the 
failed section was high, at 1188°K. The fuel hot spo~ did not reach solidtis 
temperature until about 190 msec later, at 2.10 sec into the transient. Upon 

·cladding breaching,-hot but solid fuel was exposed to sodium coolant. Based 
on limited data from the U.S. Run-Beyond-Cladding-Breach (RBCB) program and 
similar foreign programsrt7J'. chemical reaction between carbide solid fuel 
and sodium appeared to be more benign than oxide fuel. It was.therefore 
assumed that no real effect on the HCDA existed until molten fuel motion 
began. But because of the absence of the central void, no molten fuel motion 
took place until the solid fuel annulus broke up thereby allowing molten fuel 
~njection into coolant channel. 

16 
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· In the MELT-IIIA calculations, molten fuel ejection was assumed when the 
internal pin pressure caused by fission gas release reached a critical 
value. For FTR oxide fuel, this critical pressure might be taken as that 
pressure which caused cladding rupture, and determined from a series of 
ciadding transient burst tes~s[ 1 2] to be 7 x 108 dynes/cm2• Since for the. 

BOC~4 case considered, the fuel-cladding gap_ wa.s closed at the onset of the 
transient, it was implied that the internal ~in pressure was fully transmit­
ted to cladding. I~ was also implied that a pressure sufficient to rupture 
cladding would also break up the remaining solid fuel wall. 

There were both similarities and differences between the oxide fuel element 
and the He-bonded carbide element. The gap was initially closed for both, 
and the clad.ding in the carbide element was also 316 SS, 20% c~. However, 
the car bi de ~1-ement···cl adding was already·.•breached ~hen fuel rnel ting bega~~-
implying that an i~itial pin pressure sufficient to break up the solid fuel 
annulus would cause molten fuel ejection. The radius ·of He-bonded carbide 
fuel is larger than that of oxide fuel (0.4115 cm versus 0.24765 cm) and 

. so, a conservatively larger break-up internal' pressure of 7.7 x 10-S dynes/cm2 

was assumed for the carbide element. The effect of a larger pressure is to 
.. delay fuel rupture time, allowing thereby a larger amount of molteD fuel to 

be ejected. MELT predicted that this pressure was attained at 2.40 sec into 
the transient, or about 300 msec ~allowing fuel melting. At this time, only 
about 4% of fuel in the pin was molten. For comparison, under similar tran­
sient conditions, it took the oxide pin about 1 sec following melting to 
reach its break-up pressure, with over 50% molten fuel in the pin. The 
faster rise in central pin pressure of the carbide fuel element was thought 
to be caused by a larger fission gas release on fue1·-melting, and by the 
absence of the central void •. 

To insure that fuel break-up took place, a second condliion was introduced 
based on thermal expansion. The condition for such break-up could be stated 

·in terms of the ability of the fuel to accommodate the di_fferential volume 
thermal expansion on melting. Since there was no central void, the volume 

is·.- · 
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available to absorb thermal expansion came from fuel porosity, crack .. arid 

fuel-cladding gap, if any. The condition became: 

(2) 

. . where 6Vmelting was the increase in fuel volume on meltin·g, and where 

. VP, Ve, VG were the volume availabl.e: _from fue1 porosity, cracks and fuel­
cladding gap, respectively (Figu~e l~). Clearly, VG = O when the gap 
closed. The He-bonded car bi de fuel had a 1 arge pores ity, about· 19%. For 
oxide fuel, the· porosity was not available for thermal expansion. absorption, 

. until fuel bec~me weaker at temperatures about 2.QQOK within melting. This 
. was also assumed for carbide fuel. The crack volume was assumed at 3%. At 

the melting.point, the densi~y of.~arbide fuel was 12.3 gm/cm3d[13] The 
density of liquid fuel was computed by the equation.[i 4l 

fliquid 
= 12.39 

. 1 + 9.84 x 10-S T ' 
(3) 

yielding ~liquid = 9.745 gm/cm3 at the 1iquidus temperature. Thus _a tem­
perature increase from solidus to liquidus would result in a volume expan-

. . . 

sion of N26.2%. MELT calculations indicated that condition (2) was satis-
fied even earlier than 2.40 sec into the transient, when the internal pin 
pressure reached 7.7 x 108 dynes/cm2. 

. .... ' 

· 2. Failure of Na-Bonded Carbide Fuel 

.The results thus far indicated that molten .fuel· injection into the coolant 
channel began in the He-bonded channel (channel #8) at 2.40 sec into the 
transient. Sodium void and fuel motion reactivity following channel #8 
failure should be reflected in the power history used in the Na-bonded pin 
failure analysis. Failure data for channel #8 were thus 
,:-,~~,, ·:i: run of MELT- I IIA to determine a new power hi story · 
for the UNCLE-T failure analysis of channel #9. 

. :r 

input in a 9-channel 
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The subroutine GAPCON of UNCLE-Twas modified to include a simplifi.ed simu­
lation of.loss-6f~bonding (LOB) due to bond ~oiling: the bond was assumed. 
to vaporize upon reaching the s~turation temperature at plenum pressure. 
The sharp discontinuity exhibited in Figure 13 is a consequence of. this 
assumption. 

According to UNCLE-T talculations, bond boiling began at Section 8 (MELT 
core nodes 15 and 16) at 1. 900 sec into. the transient, and quickly spread 
along the.upp~r third of the foel pin. By the time fuel first attained 
solidus temperature at 2.57 sec, bond boiling had spread along the upper 2/3 

·.of the fuel element. Bond boiling dramatically reduced heat transfer to 
cladding, such that its temperature ~ropped while the fuel surface t.empera- · 
ture rose qLlickly (Figures 1~ and l5). The fuel~cladding gap, which 
remained open, kept the hoop stress low, such that cladding never faiied 
according to the life-fraction rule (a maximum DMG of 0.31% was reached in 
Section 9, at the top of fuel (Figure .11). The fuel temperature along the 
sections where LOB had occurred continued to rise quickly and due to high 

. ·thermal conductivity, the radial temperature gradient was dramatically 
reduced in these sections. Figure.i6 depicts this situation at Section 6 
(MELT core nodes 11 and 12}: the temperature drop across fuel radius 
decreased from about BOOK at the beginning of LOB.to about BOK, 0.55 s~c 
later. The fuel surface along this section soon reached solidus temperature 
at 2.6 sec into the transient. At this time, MELT calculations at core node 
12 indicated a centerline temperature of 2600°K and a fuel surf~ce tempera-

. ture of 25760K. Since the difference between liquidus temperature (2758°K} 

and solidus temperature (2575°K) was 183 degrees, a very small fraction 
( 0.73%) of fuel in ~he Na-bonded pin had melted at this time. The smallest 
gap size was still at 11 mils, and the stainless steel shroud, at 1783° 
had melted. The molten shroud might form a low-melting eutectic alloy with 
surface fuel. The molten eutectic might slump across the gap and contact 
the cladding, thereby raising the possibility of cladding melt-through. 
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Two different approaches were attempted to resolve this question. ·The first 
approach used the concept.of contact resistance heat transfe~ between molten 
fuel and cladding. This method met with only partial success. The· second 

. . . . . 

approach used analytic soluti6ns to estimate the cladding temperature dis-
tribution under conservative boundary conditions. The results are discussed ' 
below. 

·a.· Molten Fuel-Cladding Heat Transfer Through Contact Resistance 

Figu_re .17a· depicts the possible configurati-on of molten fuel-cladding 
.contact. Pockets of gases (Na vapor, fission gas) might be embedded between 
points of contact. There was no significant contact pressure. The conduc­
tance for this-·case is given.by the equation[l5] 

·where 

. h.. . 1 
··.:.:: .. ·.·. c .. = : ... Lg 

........ 

Lg·= thickness of v.oid space 

Ac = contact area 

Av.·= void area. ". . ..... ,..:· .. 

. A. = A_ + A . . . • '(; v ., 

:k1 1 k2, kv ; thermal conducting of molten fue~, cladding and gas 
'. in void space, respectively •. 

(4) 

·Assuming Av<:< Ac and kv << k1, k2, the second term in the right-hand-side of 
· Eq. ('4) can be neglected. The resulting equation still involves ·an unknown 
·constant and can only be used parametri_cally. In f.JELT-IIIA ca]culation.s, the 
·equation was approximated as follows: · ... 

27· 
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(5) 

where C is a constant. For C > 0.2, the gap conductance ~allowing molten­
fuel-cladding contact could become several hundred times larger than that at 
the previous time step, prior to.contact. 

T~is rapid.increase in gap.conduct~nce caused ·~·con~ergence problem in MELT 

temperature calculatfons. For C = 0.2, implying about a hundr~d-fold 
incre_ase fo conductance, a solution was obtained indicating a rapid increase 
in cladding temperature wliich remained nevertheless below melting. This 
result needed further examination, and a conservative approach was used to 
estimate the cladding temperature as described in Section (b) below. 

A useful result from the method of-contact resistance heat transfer was the 
indication of a decrease in fuel temperature on contact with cladding. 
Thus, the assumption of a sustained interface temp~rature T1 (1n Section b), 
is at best conservative. Calculations indicated that along the locations 
where molten fuel contacted cladding, cyclic variations in fuel and cladding 
temperatures occurred, with a net upward trend. 

• I : . b." Analytic Estimate of Cladding Melt-Through 

Assuming no contact resistance, the foterface' temperature T 1 between two 
semi-infinite media suddenly. brought into in contact can be calculated by 
pure conduction solutionsC161 as follows: 

T ·. \ + Tl r (kfcl1/(kfcl21 112 

1 = . 1 _+ [ (krc) 1/(kfc) 2 J 112 (6) 

•• t 

·.· .. 

28· 
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where k, r, c are the· thermal conductivity, density and specific heat, 
respectively, and where subscripts 1, 2 refer to molten fuel and cladding, 
respectively. For a given_T1 and12, Eq. {S) yields the maximum inter­
face temperature. 

. . 
With the further conservative assumption that this interface temperature can 
be maintained over the cl~dding thermal response time, the mixed c6nduction-. . . \ 

convection system ~f Figure .in>, can be described by the following simple 
. . . . 

boundary-value problem. In the cladding, the temperature is determined by 
the equation: 

•· 
·. · id r··· ·dT2) 
. . : r dr tr k 2 dr = 0, . (6) 

subjected to the boundary conditions:.· 

1. · T2 . = T1 at r =.re (inner cladding radius) - . . . 

.. (7) :· 

2. 
dT2 . . 

-k2 dr. = h{T
5 

- TNa) at r _= r
5 

(outer cladding radius) 

The solution can be obtained as follows: 

. ' 
~ ' 

. ·. 
hr ln(r /r } 

s s c , (8) 

.where h is the convective heat transfer coefficient at outer cladding 
surf ace. 

Equation {8) allows the estimate of cladding surface temperature T
5 

for ~iven 

TI and TNa~ At the time of first molten fuel.slumping along core node 12, 

29 
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MELT calculated a fuel surface and coolant temperatures of 25760K and 990°K, · 

respectively, yielding T1 = i941°K (Etj~ 5). Figure i~ shows the vatiation 
of T5 with coolant temperature, assuming:the interface temperature T1 can be 
maintained over the cladding thermal response time period (Nl2 msec). For 
the case consider~d, cladding.outer ~urface temperature was only 1402°K. 
Furthermore, claddin~.melt-through would not occur, so Jong as sodium coolant·· 
temperature remained below boiling (.vl312°K at 3.6 atm.) · Figure.1.8 does not 

·apply beyond sodiu~ boiling. . 

The depth of cladding melting can.also be estimated, by obtaining the solution 
.. to Eqs. (6) and (7), with the boundry condition (2) replaced by the condition 

:· .. . 

Thus, 

(9} 

where Ts is computed from Eq. (8). ·Figure ·19 shows such distribution at 
··.MELT node 18 (core node 12) when molten. fuel-claddin~ contact first occurred. 

The depth of cladding melting was only less than one half of cladding 
thickness. 

· c. Pin Failure 

At the time fuel surface first reached the solidus temperature (2.61 sec 
along core node 12), only 0.73% of fuel had melted. The total fuel volume 
increase o.n melting was small, a large gap remained ( ... 11 mils), and the con­
dition of Eq. (2) was not satisfied at this time. At the next time step 
(2.62 sec), molten fuel contact could heat the inner cladding node to 

. . 

melting point, and cladding strength would have been reduced. The internal 
p)n pressure had reached the breakup point (7.7 x 108 dynes/cm2). Cladding 

.. : ..... • 
. . ' . . . 

' 
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failure would have certainly taken place· if the gap were c1o·sed. However, 
an open gap introduced some uncertainty in the prediction of cladding 
failure at this time. 

The calculations ·in Sec~ion (a) indicated cyclic variations in cladding 
temperature, caused by molten fuel which cooled on con~act with cladding. 
These temperature variations would have weakened the cladding. To be con-· 
servative, a delayed time of failure was· cons·idered, at 2.80 sec into the 
transient (a later time of failure produced a larger molten fuel fraction 
and a higher fuel temperature). At this time, about 20% of fuel had melted, 

. condltion (2) on the differential volume thermal expansion was well ~atis­

fied, and the fuel had long reached its break-up internal pressure. Bond 
boiling had pr?ceeded up and down the upper 2/3 of the fuel. The location 
of failure was taken at MELT node 18 (core node 12), where surf ace fue 1 
melting first occurred and the cladding had weakened most from long cyclic 
temperature variations. In fact, by the same token, cl adding could fail 
anywhere alon-g the upper third of the pin, but a lower location at node 18 

·Was assumed, again for conservatism, to give. worse sodium voiding and fuel 
motion. reactivity feedbacks •. 

. -- -- . 
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IV. SUMMARY AND CONCLUSIONS 

For the He-bonded carbide elements (channel #8) the location·of cladding 
-

failure was determined to be at MELT core node 11, about 10 cm above core 
midplane. Cladding failed at 1.91 sec, but molten fuel-coolant contact was 
deferred until 2.40 sec into the t~ansient. There was indication that this 
might occur earlier, but the later ~ime of 2.40 sec was thought to be con­
servative, in that more mo 1 ten fuel was present at the time· of first fuel 
ejection. In fact, at this time there was only 17.5 gm of .molten fuel in 
the carbide pin compared to 65 gm at the time of firs~ fuel ejection in the 
oxide channel ·#2. 

To date, the only TREAT test of a He-bonded carbide pin up to cladding 
breaching was the HC3 test. The test simulated a $.SO/sec ramp in the FTR. 
Comparison is complicated by the difference in pin dimensions and irradia­
tion conditions (Table ·1) ·as well as possible difference in transient con­
ditions (Table 2). Early post-irradiation examination (PIE) indicated no 

. . . 

fuel melting. More recent PIE found evidence of fuel melting around the 
·area of breached cladding. However, it was-not known whether fuel melting 
occurred prior to or after cladding failure. The pin peak power in· the test 
was 75.9 kW/ft (249 kW/m). At the time of cladding failure in channel #8, 
UNCLE-T calculated i pin peak power of 94 kW/ft. Thus, based on pin peak 

.. power, cl.adding failure. in th~-. H~3 test occurred even earlier than the He­

ibonded pin considered in this study. However, the HC3 pin had a much.higher 
burnup (6.2 a/o versus 2.89 a/0). There was no information on· the time and 
location of failures in the HC3.test •. 

. The prediction of.pin failure for the Na-bonded pih (channel #9) was more 
uncertain. Due to the.large fission gas retention prior to the transient, 

. this pin reached the assumed break-up internal pressure at 2.62 sec, much 
·sooner following fuel. melting than the He-bonded pi~· (40.msec versus 300 

.. msec). At this time, the fuel melt fraction was sti .. 11 very smal,.(0.73%)~ 
The fuel-cladding gap which remained open kept the cumulative damage frac­
tion low, and cladding failure was not certain. However, it appeared diffi­
cul~_ to argue against pin failure at 2.80 sec into the transient, when about· 
20% of fuel had melted and about 50% of fuel $Urface attained solidus tern-

. perature, mainly along the upper half of the fuel piri;_ T~e failure lotation 
was likely to be at cladding hot.spots, ·at or above a distance 2/3 from fuel 
bottom. Along this upper third of the element, LOB by boiling had began 
about.900 msec earlier causing molten fuel tG slump on.cladding sh6rtly 
later. Slumping fuel cooled-on contact with __ cladding causing a cyclic 
variation in ·cladding temperature with an upward trend, reducing thereby 
cladding strength. 
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· TABLE 1 . . . 

. COMPARISOrf B.ETHEEN son( TREAT TESTS Arm CARBIDE FUEL -Iif THIS SIUDY· 

c #8: HC~; c 19 sci-A SC3 

Pellet Dens~ty (%TO) 81 87 '98 98 

Bond T_we Helf um Helium Sodfum Sodfum Sodfum 

01ametrfcal Gap (cm) : 0.015 0.(25 0.091 0.081 0.081 

Fuel-Column length (cm) 91.4 34 .~ 91.4 34.3 34 .3 

Claddfng Materfal 316 ss. 20% cw 316 SS, 20~ cw 316 SS, 20% cw 316 SS, 20% cw 316 SS, 20% cw 

I 
I , 
I 

Cl add,ng 00 (cm) 0.94 0,i87 0.94 0.787 0.787 

Cladding Thickness (cm) 0.051 O.C51 0.038 0.038 0.038 
I 

Burnup (at%:• 2.712 (max)· · 6 .• 1 2.712 (max) 0 8.4 

·W Steady-State Power (kW/ft) 22.75 22. E.6 22.75 22.86 
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PuTpose 

Fuel Element .. 

Pellet Density/Gap Size (~11s) 

Bumup (a/o) 

Ther:'lla 11 y S imu 1 ated FTR R1111> 

Peak Pin Power 1n TREAT (kW/m) 

Simulated FTR Pin Power (kW/m) 

Nuclear Energy Oepos'ition (J/g) 

Peak Fuel Temp. (OC) 

Peak Midwa11 Clad Te11>. (oC) 

Clao:llng lnt~grity 

Cl ad·:l 1 ng Dam3ge 

Fuel Damage 

Bo:id Damage 

TABLE '2'. 
SUMMARY OF TREAT TESTS ON CARBIDE FUEL ELEMENTS* 

Re! 

Calibratim 

K6B 

87/10 

0 

60¢/s 

120 

120 

770 ·. i 

1650 

650 
" 

Ma1ntafned 

No 

Mild CrackSng 

SC! 

Integrity 
Margin 
Demonstration 

AIR-1 
(shrouded) 

90/26 

0 

80¢/s 

250 

250 

1100 
' . 1600 

.. 870 

Maintained 

set-A 

Bond Behavior 
Investigation 

AIR-1 
(shrouded] 

98/26 

0 

· 70¢/s 

384 ! i 

384 

1850 

2480 

990 

Ma1nta ined 

No Ova11ty, Inc1ptent 
Cracks 

i 

No Estenslve Cracking, 
SC!J)arat1on 

No Bond Bo 111 ng 

*Taken from Ref, •7-

I ' 

Rc2 SC3 RC3 SC4 

Integrity Integrity Breaching Breaching Threshold 
Margin Margin Threshold · Comparison (vta HC3) 

Demonstration Demonstrat1oh Determination 

K6B-86 AIR-1-100 K6B-84 K7-6 

87/iO 98/26 87/10 98/26 

6.3 8.4 6.2 8.3 

50¢/s 50t/5 . 50¢/s 50¢/s 

164 148 249 245 

233 250 420 400 

1080 1150 1830 1640 

1600 1350 . 2300 1850. 

720 . 700 970 980 

Maintained Mafntatned Breached Maintained 

0/0 a 0,1% No Long1tud1na1 O/D a 0.36% 
Cracks 

No No Crack 1 ng 'and Minimal 
Swe111ng 

Minor Poor bond quality 
before test--bond 
disturbances 1nd1-
cated during test 



Again, experimental data for a definitive comparison with calculations are 
lacking. The SCl-A post-test· examination indicated that the Na-bond voided 
from boiling, but that no fuel melting occurred. Cladding integrity was 
preserved, indicating that the bond vapor did not produce a pressure suf­
ficient to burst cladding. These results agree with the ·present calcula­
tions. It is believed that this comparison of bond behavior remains ·valid, 
in spite of the fact that the SC~-A test used an unirradiated pin. 

A significant result from the SCl-A test is the recent discovery that LOB by 
boiling did not occur instantaneously. Test dat~· suggest that iniipient 

. sodium-bond bciiling occurr~d at a superheat of 11ooc and that bond boiling 
·lasted for 0.8 sec before complete bond voiding. The impact of this phe­
nomenon would be to delay fuel melting and pin failure, but not necessarily 
to increase fuel temperature· at failure •.. The resulting change in the HCOA 
consequences would be minimal . 
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