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INTRODUCTION

Intermetallic urenium cluminide (UAI,, UAI,, UA] ) and urenium oxide

(U30g) cermet fuels differ from uranium - aluminum alloy fuels in

that the meat is formed by high pressure compaction of urenium=bearing powder
and aluminum mutrix powder into a solid. The compacted meat is clad in

the socme manner as o fuel meat casting of uranium - aluminum clloy. Powder
metailurgy produces o more uniform dispersion of uranium throughout the aluminum
matrix and provides better control of the fuel plate urenium content then can

be obtained with urenium ~ aluminum alloy.3

This analysis describes irradiation tests conducted on cluminide and oxide

fuel plates between 1958 and 1976. Aluminide and oxide test plates were
irradicted in the Materials Test Reactor (MTR), the Engineering Test Reactor
(ETR), and the Advance Test Reactor (ATR) ot the National Reactor Test Station
(NRTS), Idaho Falls, ldaho, and the High Flux Isotope Reactor (HFIR) ot

the Ock Ridge National Laboratory, Qak Ridge, Tennessee. Aluminide

test plates were irrodicted in the German Karlsruhe FR2 reactor.

The primary parameter examined in irradiation tests was fuel core swelling
(%4V/V) which could cause fuel plate failure. Post~irradiation tests were

conducted by heating of test plates until blisters appearsd indicating clad
failure. ;

OPERATING EXPERIENCE

The MTR and the ETR hove successfully used both alloy and aluminide fuels.
Aluminide fuel has been used in the ATR since 1967. To date, the ATR has

fuel has been used in the University of Missouri Research Recctor (MURR)
since 1970 and the Mossachusetts Institute of Technology Reactor (MITR) since

resumption of operations in 1975.

Since 1965, over 76,000 U_O_ fuel plates have been operated to depletion
at the HFIR with no major fﬂ%ulﬁn. On two occasions during that period,
fuel elements developed suspected fission product leaks. In one case, the
apparent leck was so insignificant that the element was operated to depletion.
In the second case, the element was removed after 1500 MWD .3 Destructive
examinations of irradiated test specimens and actual HFIR fuel plates have
produced no evidence of blisters, cladding separation, matrix cracking,

or any defects indicative of incipient failure.

Aluminide ond oxide fuels were developed and used becouse it was found

that those materials permitted better process control and produced fuel elements
superior in quality to those produced from alloys.® For example, in 1947

at the ETR, o partial fuel element melting occurred due to a blocked flow
channel. Although the fission product inventory in the fuel was substantial,
the remarkable ability of aluminide fuel material to retain fission products 5
permitted easy cleanup of the reactor and refum to power within two days.
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Table 1 provices operating parameters for the primary users of aluminide and

oxide plate fuels and compares them with similar parameters for the Ford Nuclear
Reactor (FNR). Each of the reactors using plate=type fuel utilizes nlates of
approximately {ne same meat thickness, nominally 0,02 in, with clod thicknesses
that vary from approximately 0,01 te 0,02 in. With these dimensions being
relatively con:tant, it can be seen from Table ! that the sigr "icant operating
parameters of thermal power density, peak fission density, ana heat flux are

more severe by orders of magnitude for the reactors listed than the same parameters
for the Ford Nuclear Reactor.

Tests referred to in succeeding sections were performed on fuel plates with meat
and ciad thicknesses nominally the same as those described above.

PHYSICAL CHARACT ERISTIKS

Aluminide and oxide cores are not as strong as alloy cores. However, FNR elements
are not operated near any high stress limit, A slight strength reduction is nnt
a serious analytical censideration. The basic strength and integrity of the plate

cladding remains unchanged.
Aluminide and ax/de cores are more malleable than alloy cores. In the manufacturing

process, thi ing of the fuel core at the ends during the plate~rolling operation
is eliminated.” The result is more uniform clad thickness which adds ‘o overall

streng*h and assures a uniform fission product barrier.

The melting temperature of alloy cores is about 1560° F. The melting temperature
of aiuminide and axide cores is gererclly considered 1o be the melting point

" of the 1100 Al matrix, about 1200° F. Except in cases of complere flow blockage

at high power or violent transients, none of thesa lamperatures are expectad

to be approached. In any case, it is the disruption of the fuel clad which could
result in the release of fission products, which would occur at about the same
ismperature for any type of fuel. Moreover, the type of event that could produce
such elevated temperatures is characterizad by essentially complete insulation

of the fuel by film bojling whersin the vapor generated completely covers the

heat transfer surface. '“ The rate of temperarics rise is of the order of thousands

of degrees per second. Melting of == alloy care gould occur only a few milliseconds
later than melting of o~ aluminide or axide core. "

REACTOR PHYSICS

No reactor pliysics changes will occur os a result of the conversion from alloy
to aluminide or oxide fuel meat. The reactor core flux distributions and rod
weiths will be unaffected since all physical dimensions and characteristics will

be unchanged.
FUEL SWELLING

Aluminide and oxide fuels axhibit lower swelling rates than alloy fuels. In
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TABLE |

TRAINING, RESEARCH, AND TEST REACTOR OPERATING PARAMETERS

C e

Parameter
———

Year placed in service
Thermal pewer (Mw)

Thermal power density (MW/ 1)
Fuel element meat volume (cc)
U-235 per element (om)

U-235 burnup (%)

Peck fission density (fiss/ cc)
Fuel element surface area (ftz)
Heat flux (8TU/ fi2hy)

Fuel surface temperature ¢ F)

Coolant flow rate (gpm)

Fuel element materials;
Cladding
Cere (wt% Uranium)
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Materials Engineering  Advance High Flux High Flux Ford
Testing Test Test Isotope Brookhaven  Nuclear
Reactoi' Reactor Reacto{ Rsactos Reactor Reactor
_(MTR) €W _am! R (HFBR)*  (FNR)
1952 1956 1967 1965 1965 1958
40 175 40 100 40 2
0,75 1.2 2,8 1.5 0.5 .025
3%5 550 798 3475 870 354
200 400 975 2600 315 140
- 25 25 30.6 . 34 35
= 1ex10 18x102! 1,9% 1021 .24 x 10 5.44 X 102 Rey 4/7
15 23 34 147 3 15
3,510 5x105 4X10° 2.5X10% 3.8x105 3.8 x 10°
239 329 356 300 304 159
24,000 44,000 16,000 17,000 16,600 980
|
1100 Al 1100 Al 6081 Al 606 Al 6061 Al 1100 Al
18% U-Al  22% U-Al  41% VAl 41% UsOg 20% U,0p  14% U-Al
Alloy and  Alloy and . Alloy
VAL UAI
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the former, swelling rate decreases with increasing uranium concentration due
to the fact that the viod fraction of the fuel plates tends to increase with increasing
uranium content, For fuel plates with high veid fractions, early core life swelling

is abzorbod by the voids and the onset of swelling is delayed unti! later in core
life.

5.1 National Reactor Test Station (NRTS) Fuel Swelling Tests

Figure | presents swelling information from 1958 NRTS tests performed
on aluminide fuels.” The percent volume change in the fuel meat is
related to the peak burnup in fissions/ cc of fuel meat for both alloy
and aluminide fuels. As shown, initial void content in aluminide fuel
is an important parameter in fuel swelling considerations. Expected
fuel core mllingl with no manufacturing voids is 6,38% AV/V per
102! fissions/ ¢z, 18 Expected swelling curves for UAl, fuel cores with
4% and 7% voids are shown.

NRTS initially set a 7% AV/V swelling limit for the flat plate ETR geometry. ®
The limiting swelling criteria was selected because some warping, attributed
to swelling, was periodically observed in flat sample platelets irrodiated

to the 7% AV/V swelling level. In the more stable curved geometry

of FNR fuel, a 7% AV/V would not result in any failure mode. In

fact, the upper limi+ or fuel plate swelling can be based upon: 1) Integrity
of the fuel plate cladding and 2) Thermal=hydraulic considerations

such as flow blockage. ina practical sense, the upper liniit can be

the maximum experimentally or operctionally verified swelling wherein

clad rupture does not accur, A high percentage volume change in the

fuel plate results in a very low percentage reduction in fuel channel

area. For example, in the FNR geometry, a 20% change in the fuel

core thickness (.004 inches) results in a . 4% change in the .117 inch

flow channel thickness and the flow ar. a. Such a change is not a significant
operaticnal consideration.

As can be seen on Figure 1, the maximum FNR fission density results

ina3,5% AV/V in alloy fuels and no swelling in aluminide fuels because
of the void fraction.

The results of NRTS irrediation tests conducted in 1967 on aluminide

fuel plates in the MTR are in Table 2 and Figure 2. For core
fission densities up to 1.4 X 104! fissions/ cc, swelling reached a maximum
of approximately 7.5% AV/V.

Additional results of NRTS irradiation tests conducted in 1967 on aluminide
fuel plates in the ETR are shown in Table 3 and Figures 3A and 38, !
Swelling in aluminide and oxide cores was consistently less than swelling
observed in ajloy cores as can be seen in Figure 3A. Up to fission densities
of 8.25 X 10<" fissions/ cc, the maximum alloy swelling observed was
5.25% AV/V while the maximum aluminide swelling was 4.5% AV/V.
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FIGURE 1
IRRADIATION SWELLING OF URANIUM = ALUMIN UM FUEIS7
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TABLE 2

DATA ON SPECIMENS CONTAINING POWDERED VAL,
IRRADIATED iN L-51 POSITION OF MTR!

Sumple Number Core UAlz in  Heat Transfer,  U-235 Core
Composition  Samples Cladding  Matrix Core Surface per cc of Fiss'b%n Densi
Number  Tested Alloy Alloy  (wt%) (7t2) Core () (10?0 fiss/c
113 15 X8001 X8001 46.7 Z.6 1.08 20
114 10 6061 6061 46.7 2.2 1.09 19
116 9 1100 1100 29.6 15.9 0.597 12
118 6 XAPOO1 1100 4.0 2.6 1.20 19
Total = 40
10 . l
] l o
9 p— @ = Comp U3-114 Expected Swelling >
* QO = Comp 116 ‘
'. 8} & »Comp 118 i
s > ° ,
s 7 O '
» |
g & 2 O |
o~ o °
|
a
= s .
. 9
] ! 3 -
5 2 //
. . - |
" .‘
0 2 4 3 8 10 12 14 6
Irradiation Exposure Of Fuel Plate Core=1029 fiss/cc st :
FIGURE 2

‘I SWELLING PRODUCED IN POWDERED UAl3 FUEL PLATE CORES
§ BY IRRADIATION IN L-51 POSITION OF THE MTR!
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TABLE 3
DATA ON SPECIMENS IRRADIATED IN J-8 POSITION OF ETR'

Fissile U235 Oxide  Calculated
Somple  Number Core Compound per cc of Coating Plate Core
Composition Samples Clodding Matrix  Fissile In Core Core Thickness  Surface  Fissjon Dens

Number ~ Tested ~_Alloy  Alloy Compound W%) (g fmils)  Temp * Q) (109 fiss/cc)

ATR 1 4 X8001 X8001 U308 34.9 0.93 2 170 6.8% 7.7
ATR 2 4 X8001 X8001 002 32.0 0.90 2 140 3.4t0 6.0
ATR 3 4 X800} X8001 UA|3 35.4 0.78 2 170 5.3t0 8.7
ATR 4 4 6061 X8001 l.lAl3 48.2 1.16 | 180 10.4t0 11,2
ATR 5 4 6061 X8001 0308 44;2’ 1.29 1 170 6.5t011.4
ATR 6 4 6061 X8001 002 41,2 1.24 | 180 12,310 12,5
ATR 7 4 6061 X8001 U308 34.9 0.95 2 180 7.3%0 7.8
ATR 8 4 6061 X8001 UOz 32,9 0.89 2 150 5.7 to 6.1
ATR 9 4 6061 X8001 UAl3 35.4 0.79 2 180 5.3t0 8.7
ETR 10 4 1100 22 wi% U-Al 0.68 - 100 7.1t0 8.3
ETR 1 4 1100 1100 UAla 30.9 0.65 - 100 8.2
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The maximum aluminide swell; from Figure 38 was 2.5% AV/V for
fission densities up to 11 X 10 fissions/ cc.,

Another set of 1967 NRTS irradiation test results for aluminide fuel plates
in the ETR is shown in Table 4 and Figure 4, Maximum obscw;ilswelling
was approximately 5% AV/V up to fission densities of 1.6 X | fissions/ cc,

Continuing studies at NRTS of reactor fuels and the effects produced

by fissioning have led to a better understanding of the swelling mochcnism.s
Swelling is produced primari ly by solid fission products, Figure 5 shows
calculated and experimental swelling data for several fuel systems,

The strong tendency of fuel porasity to contain the initial swelling is

well illustrated. The inherent lower density of fuels made by powder
metallurgy offers benefits in terms of fuel stability,

Experiment INC-16~1 was conducted at NRTS in 1971 on a single UAL,
fuel element dosf'gmfod as XAQO3F. Individual plates from the element
were examined . ' T

Nineteen plates from ATR elements similar to XAQ03F were measured
for length and width changes caused by fission product swelling, The
average length change was plus .22%; average width change was plus
.13%.16 These values establish that swelling volume changes occur
almost entirely in the thickness of the fuel plate,

Measured fuel plate swelling, based upon thickness changes at three
locations on three XAQ03F plates, is tabulated in Table 6, A plot of the
swelling data, Figure 6, shows that, with the exception of sample 3-
swelling does not exceed the predicted value of 6.38% AV,/V per 102!

fissions/ ce.

The INC=16~2 experiment in 1974 consisted of nine UAl, ATR composition
fuel plate specimens being irmfiohd in the T!’R for 55,612 MWD at
fluences of 1,75 ~ 2,26 X 10! n/cmi/soc. 7 Specimen data are provided
in Table 7,

Measured core swelling values were considerably less than expected

by caleulation. Figure 7 is a plot of fuel core swelling versus fission
density for the experiment.

Visual inspection of the test plates showed surface discoloration but no
indication of failure, Photomicrographs revealed the irradiated fuel

to have a sound microstructure.

Oak Ridge National Laboratory (ORNL) Fuel Swel ling Tests

Test irradiations were conducted at ORNL in HFIR to measure the performance
and physical characteristics of aluminide and oxide fuel dispersions.

Fuel plate data are shown in Table 8. Swelling data are shown in Figure 8.
The U3Og identified as powder blend, PB~01, is the axide presently used
at HFIR.” UAly blend, PB-32, is a material similar to that used in

the ATR.
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TABLE 4

URIZED WATER LOOP OF gTg!

Sample

Fissile U-235

Number Core Compound per cc of

Composition Samples Cladding Matrix Fissile in Core Core

Core

Fissifdt Density

Number  Tested Alloy ~ Alloy Compound ~ (wt%) (9) (10%¥ fiss/ cc)
I I 6061 X8001 UAI3 48 L 7.11019
2 é 6061 X8001 UAI3 52 1.31 6.410 14
’ |
|
0 ! et |
‘ {‘
- |
i |
; - |
s &
a
i ,.
s @ ' Observed Swel ing
g / | |
o ® !
2 B e - |
/ L 3 - @ |
oo 2 4 [ 8 10 2 4 [ 8 '
lrradiotion Exposure Of Fuel Plote Core - 102° tiss /cc PPCo-0- 000 !
FIGURE 4

SWELLING PRODUCED IN POWDERED UAI, FUEL PLATE CORES
ATION IN ] ATER LOOP OF ETR
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TABLE 6

SWELLING DATA ON UAI_ FUEL ELEMENT XAQO3F IRRADIATED IN ATR'®

Distance
From Top Fission Core
Fuel Element  Coupon  of Plate Density $welling
__Plate Number (in) (1090 fiss/cc) (% AV/V)
| I 3 B 1.6
1 2 14 7.1 2.0
1 3 25 9.1 3.0
3 1 3 3.0 1.9
3 2 14 8.4 5.5
3 3 25 11.0 9.0
5 1 3 3.4 2.2
5 2 4 9.8 3.0
15 : e == Ssssteses:
= : : A e
10  —— = : = =
| & 1-:- -5 —~ ’ 5 ‘.:v =i ——
5 — 7 = T : = 5
o (4 s pr— ey gy T STL Plneey oo bt 5 e e e
0 5 10 15 20

Irradiation Exposure of Fuel Plate Coupon (1020 fiss/ cc)

FIGURE 6
SWELLING PRODUCED IN UAI FUEL ELEMENT XAOO3F IRRADIATED IN ATR'®
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TABLE 7
DATA ON UAI_ATR FUEL PLATE SPECIMENS IRRADIATED IN ETR e

U-235 Uranium Plate ;‘
Per cc of  Weight in Surface Percent Fission Core Blister
Plate Core Core Enrichment  Temperature Burnup Density Swelling Temperature

Number _ (gm)  _ (gm) (%) ~£9 8 (1020 fiss/cc) - (% AV/V) <)
169-4 1.51 7468 91.86 100 - 260 82.6 26.3 2.0 565
169-5 1.51 7286 91.86 100 - 260 90.9 28.8 4,7 > 565
i 169-11 1.2 6715 91.86 90-340  90.5 23.1 47 538
169-12 1.22 6747 91.86 90-340  95.2 24.3 5.9 565
' 169-19 .953 .5424 91.86 90 - 270 98.3 19.7 4,7 565
169-36 1.2 6554 93.10 90 - 340 98.3 25.1 6.4 > 565
168-37 1.21 6772 93.10 90 - 340 99.9 23.5 6.0 538
169-38 1.23 6967 93.10 90 - 340 97.0 25.0 7.4 538
169-39 1.22 6651 93.10 90 - 340 93.3 23,9 8.7 565

e it i B




-15-

i s ey g gm— — = Fr o J—— - +
— - - . -~
——t — —— —— - - —
- = —
— — T Py Tor ——] 7
— e —— b — o —— . s Su—
e = e —
= — — —
ot — - — — ——y T
—
—— -
Pradt - — ——
— -
b — L g
——— —
- -
- b -
<
=
3 13 s
T
. . T
T I
T = oe
D33
!
:
-
2 -
3 : =+
- & -
.- 3
- - — -
3 It
. -
3 $ D
Tt = a T rase camsn v I I -
= : il - —— .
com
=it
$ .-
=
ns nmmn e T 3
o I T - s
- + I
=t .
- = T
. - + n
nn e wms
< t .
;. pasaw o -
e

Irradiation Exposure of Fuel Plate Core (1020 fiss/ cc)

T
b | rwd
= e
N T -— e
n e — : T
——— — - = ve
- - T
- — -
g NP + < t
g = s o
o b s - T o
~
- - I -
o v m NG
and .
. +
- vt nmy e ¥
- ~ —
>4 - - -
+ = -
3t - —
e
N T T “e
- 3 - .
o e 4
AT
—— T2/ = -
e —
T - —
-
v = -
—— -
. + : T
- . ) 4 T -
g4 *y
- -
1t T -
e b - o
T -—
o rd o gt )
T r- s $ pedad e o U’m = 2]
—— N
R et S
o -
] ot —— - y — -
>l s Mo ' = e
e~ : e
- —— — ——
- - - - -
pb— = > %
f—— = s - & s
b e =] e ot — et b et et s ey g g p—— > 9a
oo fom e A — - P s B cmaed ot et o3 i
P Ay af— o oo Jore —

. e e g ot 2oy e gy
T AT liER . B ; N
—— ——— iy Pl Sy S gy Loy w—— —
- p— - ———— - — po e § — - — -
—— RS et S ret e T I il s b * o gy oss pi

) =3 ) o~ — = o

10,
7

FIGURE 7
SWELLING PRODUCED IN UAlx ATR FUEL PLATE SPECIMENS IRRADIATED IN ETRW




. ————

-

PERTINENT CORE ATTRIBUTES OF FUEL PLATES
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TABLE 8

IRRADIATED IN HFIR IN PM CAPSULE 12

Plate Dispersoid Uranium Loading
Void Fissile
Concentration C?ntenr. of Density 3
P:'v::;r Type (w1%) vol% Dispersion  Total (g U-235/cm
vol%) (vol%) (g) of core)

11-3 P8-33 Arc-cast UAI, 53.2 3.7 3.1 1.088 0.00
21-4  pB-33 Arc-cast UAI, 54.0 31.9 4.5 1.089 0.00
31-1 PB-33 Arc-cast UAI, 54.8 32.2 5.8 1.088 0.00
12-3 PB-01 High=fired 0308 .1 21.7 4.1 1.187 1.41
22-4  PB-04 Burmed U:’CJ8 49.8 23.8 8.2 1.1e7 1.43
32-4 PB-32 Arc-casr UAlx 51.4 30.3 1.3 1.085 1.31

| 13-4 PB-01 High=fired U308 40,1 17.5 3.0 0.953 1.14
23-1 PB-04 Bumed U308 42.0 19.1 6.4 0.954 1.15
33-4 P8-35 Arc-cast UAlx 53.7 3.6 4.6 1.087 0.00
14-3  pB-32 Arc-cast UAl»x 52.9 30.6 4.2 1.086 1.32
24-3 PB8-32 Arc-cast UAlx 52.2  30.3 3.3 1.085 1.31
42 PB-3% Arc-cast UAlx 53.2 30.9 4.3 1.089 1.32
15-4 P8-32 Arc-cast UAlx 62.8 38.6 6.6 1.344 1.67
25-4 PB8-32 Arc~cast UAlx 64,1 7.3 8.4 1.345 1.69
35-4 PB-3% Arc~cast UAlx 63.0 38.7 7.‘ 3 1.342 1.66
16~2  PB-11 High=fired U308 39.9 17.3 2.8 0.954 0.00
26-3 PB8-34 High~fired U308 39.9 17.4 2.3 0.954 0.00
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All 17 test plates were inspected visually in the HFIR pool approximately
24 hours aofter shutdown of the experiment. The plates were free of
warpage and distortion and generally appeared to be in excellent condition,

The test plates were allowed to cool for appraximately three weeks in

the pool and then transferred to the High Radiation Level Examination
Laboratory (HRLEL) hot cells for detailed examination and evaluation,
Examination consisted primarily of visual inspection of the plate surfaces
for indications of structural damage or defects, determination of the

plate weights and densities both before and after chemical removal of
corrosion~product films, analytical determination of the speciment burnups,
and metallographic examination.

In general, the examinations showed all 17 test plates to be in excellent
condition. The density and weight-loss data indicated that the plates

had increased less than 0.002 inches in thickness, including the oxide

film formed on the plate surfaces during irradiation, and that corrosion

had reduced the thickness of the cladding of these plates by less than
0.0002 inches. Extensive visual and metallographic examination of
sections from each plate revealed no indications of actual or incipient
structural failure of any of the test plates, Consequently, it was concluded
that all 17 plates performed quite satisfactorily under the imposed conditions
of bumup levels of 1.8 - 2.2 X 102! fissiot'u,/c:m3 at irrediation temperatures
of 60 to 98" C. Slight but significant differences in the swelling of

the various fuel dispersions were observed. As shown in Figure 8, plates
containing aluminide dispersions consistently swelled more than plates
;:mfaim’ng the U30g dispersions when irradiated to comparable burnup
evels,

German Fuel Swell ing Tests

In 1976, UAI, and UAlz fwlglam as listed in Table 9 were irradiated
in the Korl!ru?n FR2 reactor.)]> Maximum bumnups attained were 53

to 72% which correspond to fission densities of 1.8 X 10¢ 10 2.7 X 1021
fissions/ cc.

Fission product swelling occurred at a lower rate then the expected
6.38% AV/V per 102! fissions/ cc. Measured values in Figure 9 show
that, up to gpproximately 40% up which corresponds to o fission
density of approximately 1,5 X 104! fissions/ cc, the swelling rate is
approximately 3% AV/V per 1 fissions/cc. Above fission densities

of 1.5 X 104! fissions/ cc, the rate of volume increase was considerably
greater. The swelling rate in UAI; plates with identical uranium content
was somewhat higher than that of UAl3; the difference is not much greater
than the largest scotter in the measured values.
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TABLE 9

URANIUMALUMINIDE-CONTENT AND IRRADIATION CONDITIONS

FOR THE FUEL PLATES

UAl, Content Mean Surface Mean |
of the Dispersion Temperature U-Burnup No. of plates
Test Rig No. (wih) Q) (%) Irradiated
I 50 UAI3 70 16 4
2 50 UAIl3 70 47 4
3 50 UAI, 70 34 4
B 50 UAI3 70 26 I
45.5 UAI, 70 26 3
5 45.5 UAL, 70 2] “
é S0 UAI, 70 A 2 .
45.5 UAI, 70 4 2
7 S0 UAI, 70 6.5 3
45.5 l.JAl2 70 6.5 1
8 S0 UAI3 120/135/150 28 4/4/4
9 S0 UAI, 150/165/180 53 2/2/2
' 45.5 UAI, 150/ 165/ 180 53 2/2/2
10 S0 UAl5 150/165/180 72 2/2/2
45.5 UAI, 150/165/ 180 72 2/2/2
I S0 UAIS 150/165/180 60 1/1/2
45.5 UAl, 150/ 165/ 180 60 /1/2
- 54.5 UAl, 150/ 165 60 2/2

D

L

FIGURE 9
SWELLING OF THE FUEL PLATES (RELATIVE TO THE FUEL

A FUNCTION
OF BURNUP AT VARIOUS IRRADIATION TEMPERATURES!S —
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BLISTER FAILURE

é.1 NRTS Blister Failure Tests

Irradicted aluminide and oxide test specimens ct NRTS were heated

in air for 30-minute periods starting at o temperature of 260° c.!

After each heating period, specimen platas ware inspected for blistering
and, if not blistered, hected to successively higher temparatures,

The results are shown in Figure 10.

Figure 11 presents blister cnneal data for aluminide fuel. " For a given
peak fission density, the curve relates the minimum temperature ot
which fuel plate blistering may be expected,

Post-irradiation blister failure test results for experiment INC=16~1
are tabulated in Table 12 and plotted in Figure 12. 15 Annealing temperature
was raised in 50° F increments during the test. In general, blistar
temperatures are within 50° F of the failure ~ no-failure curve establishad
for UAI fuel plates. Matrix~cracking was the predominant blister
mechanism, though some microcracks were cbserved in the fuel.

All fuel plate specimens in the INC-16~2 experiment were blister testad
following irradiation. The results are tabulated in Table 7 and plotted
in Figure 13. A previously estcblished UAI, blister curve is also shown
in Figure 13, The INC-16-2 specimens blistered well cbove the biister
temperatura of 465° C which hod previously been estcblished to be
constant beyond a fission density of 1,5 X 102! fissions/ cc. 16

6.2  Germon Fuel Plote Temperature Failure Tests

Thoofaf plates listed in Table 9 were annealed for one hour from 200 -
500" C im steps of 100° C following irradiation. Volume changes were

measured after each step.

Up to 300° C no volume changes were evident. Ar 400° C, the first
volume changes occurred. These took place only in the sample plates
which were irradicted at the lowest mean surface temperature of 70° C_

Plates irradiated at higher temperatures showc% pronounced swellfndg
at 500° C. The sample plates iradiated at 70° ¢ blistered at 500° ¢

annecling temperature. In all other cases, no biisters were visible.

HEAT TRANSFER CHARACTERISTICS

The thermal resistance, K, for the powder metallurgy fuel meat is approximately
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TABLZ 12

FUEL ELEMENT XA003F

15
15
15
17
17
17
18
18
18
19
19
19

Estimated Peak
Exposure In
Bliste Sample

(1020 fiss/ cc)

16
13
9
18
15
10
17
14
9
14
12
8
15
13
8.6

Blister
Teﬂ'l%mfure

s s
>1000
>1000
>1000
850
900
1000
950
1000

950
850
900
950
900
900
950
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FIGURE 12

BLISTER TEMPERATURES FOR UAl, FUEL ELEMENT XA003F PLATES SUPERIMPOSED

ON FAILURE ~ NO-FAILURE CURVE ESTABLISHED FOR UAI
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90% of alloy, thermal resistance. » The conversion to aluminide or oxide meat
will result in approximately o 10% rise in the meat differential temperature.
However, since the total meat differential femperature is less then 1™ F, as
compared to a 36° F clod - coolant interface differential tempercture, the
effect is inconsequential.

Oxide coatings of up to two mils build up on fuel clad during fuel use. 1,15
A temparature rise of approximately 16° F across the oxide coating could result
in increased maximum fuel plate temperatures of approximately 1727 F_

The FNR peck fuel clad temperatures of 156° F and 172° F with oxide coating
are well below failure temperatures for aluminide and oxide fuels for all fuel
fission densities for which data was taken.

FISSION DENSITY

Fission density |imits are based upon acceptoble fuel swelling limits and failure
due to fual blistering. '

Table 13 provides a summary of fuel plate swelling and blister failure data

from Figures 2 - 13. The swelling data provide the maximum fuel plate core
swelling observed up to the maximum fission density listed for the test data
reviewed. Similarly, the blister data provide minimum blister failure temperatures
observed up to the meximum Ffission densities listed.

For peak FNR clad operating temperatures of 156 = 172° F, no fuel blister
failuras were experimentally observed.

The maximum fuel plate swelling observed, 12.7 % AV/V, reduces the FNR
element coolant flow channel by 2.2%, from 0.117 inches to . 114 inches,
@ reduction that is operationally acceptable.

FNR fission density limits should be based upon the data in this analysis and the
peck values routinely achieved by operating reactors. The following fission density
limits in fissions/ cc are requested for the FNR.

Frel Table 13 Operating Proposed

Material Test Data Reactors FNR Limit
Alloy (U-Al) 2.0 X102 2.0x 102 (GETR) 1.8 X 102!
Aluminide 2.88x107  1.3x10% AtR) 1.8 x 102!
(UAL,, UAL, UAL) ) ¢ o

Oxide 2.0 X 10 1.9X 1% (HFIR) 1.8 X 10

;ﬁOQ
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TABLE 13

SUMMARY OF FUEL PLATE SWELLING AND
BLISTER FAILURE DATA

Fuel Plate Swelling Data

Fuel Material Figure

U-Al Alloy |
U-Al Alloy 3A
UAIx 2
UAlx 3A
UAlx 38
UAIx 4
2 U4l 6
x
UAlx b 4
UAlx . 8
UAI 4
X
0308 8

Maximum Core Maximum Fission
Swelling Observed Den(;ga/ Attained
(% AV/V) (1020 fiss/ cc)

12.7 20.0
8.3 8.5
7.5 14.0
4.5 8.0
2.5 11.0
5.0 16.5
9.0 12.8
6.4 28.8
9.0 22.0

5 17.5 70° )
4.0 20.0

Fuel Plate Blister Failure Temperature Data

Minimum Blister

Maximum Fission

Failurg Temperature Density Attained
Fuel Material Figure ‘? C/ F) (10°* fiss/ cc)
U-Al Alloy 10 600/1112 1"
UAI 10 500/ 932 20
UA’™ 12 450/ 842 18
w: 13 550/ 1022 29
U,0, 10 380/716 10.5
uo, 10 300/ 572 10.5
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APPENDIX A
PEAK FUEL CLAD TEMPERATURE CALCULATIONS

FOR COMPARING MEAT AND CLAD DIFFERENTIAL TEMPERATURES
WITH THE CLAD - COOLANT INTERFACE DIFFERENTIAL TEMPERATURE

A.1  FUEL PLATE PARAMETERS

A.l.1 Surface Area

A 25-element core consists of 2] standard, 18-plate elements
and four contrel rod, 9-plate elements for a total of 414 fuel plates.

A =414 2w X I) (A1)

where w = Plate width, .21 ft
| = Plate length, 2 ft

A = 345 f?
A 1.2 Fuel Meat Volume
V=414t XwXI (A2)
where fm-rMocffhickm, 00167 f+
o o3
V_=.290ft (A3)
= 501 in3
= 8212 cc/ core
Rev 10/77 = 358 cc/ 18~plate standard element
Rev 10/77 ‘ = 179 cc/9-plate special element

A.1.3 Core Volume

A 25-element core is configured in a 5 X 5 array of elements,
Each element measures 3 in X 3 in X 24 in,

V_=2.125 X (Ad)

-54005n3

i
i
!
H
|
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= 88,490 cc
= 88.49 |
A.l1.4 Core Flow Area
A =N [w Xt :] (A5)
c el ¢ e
where N = 414 coolant channels

w =218 ft channel width
t: = ,0098 ft channel thickness

A_= 414 [.218 X .0098]
= .884 2
A.2  REACTOR THERMAL POWER DENSITY

TPD=2 MW/Vc (A6)
= ,0226 MW/
A.3 REACTOR FISSION DENSITY

Each standard fuel element contains 140 gm U-235 and is 17% burned up
at end of life. Standard fual element burnup in gm is

BU=.17 X 140 (A7)
= 23.8 gm

The averags fission density in a standard element is

o
D a3Uyxlo % (A8)

g Vo Noas o

where Vm= 354 cc/ standard element
A” = 6,02 X 10%3 atoms U-235/ gm=mole

N2, =235 gm U=-235/gm-mole
of 03, = 0.85

The term, of/"f-w:' accounts for the fact that not all U=235 atoms which
absorb neutrons are fissioned.

23
-23.8,6.02X10
FOovg ™ HF X ——p— X 0.85

=T1.46 X 1020 fissions/ cc
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Peak to average flux ratio in the cure is approximately 1,86,

FD

= 1,86FD (A9)
apa e dl

pk g

=272 X 1020 fissions/ cc

Control rod fuel elements are 35% depleted ot end of life. Similar fission
density calculations yield

FD, = 544X 10% fissions/ cc

FISSILE MATERIAL DENSITY

Fissi'z material density in fuel plates is the plate loading divided by the fuel
volume,

FMD = —— (A10)

REACTOR HEAT FLUX

MW '
ng‘x‘— (A")
where MW = ZMW6

=2 X 10" watts

=6.82 X 10° BTU/hr

q o6.82x10°
avg 345

=1.98 X 10% 87U/ hr-i#?

Peak hea* flux corresponds to peak neutron fiux.

Q= L8sa (A12)

= 3,68 X 10% BTU/ he—it2
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A.8

COOLANT VELQCITY

F
v= (A13)
Re

where F = 980 gpm coolant flow rate
=2.19 ft3/ sec

2.19
-7

= 2,48 ft/ sec
= 8919 ft/hr

REYNOLD'S NUMBER

The average coolant temperature in the core is assumed to be 120° F., Thoo
average temperature near the clad - coolant intocrfnco is assumed to be 135 oF’
the mean between 120° F and an estimated 150° F clad temperature. |2 135° F

is the temperature used to evaluate fluid parameters.
Ge = Y;L' _ (A14)

where v = 8919 ft,hr coolant velocity
p=61.5 Ib/ 3 coolant density
p= 1.19 b/ f~hr coolant viscosity
I'= Characteristic channel dimension, 2r_=0.0196 ft

| was chosen as 0194 feet based upon flow analysis between parallel plcfos.u
The characteristic channel dimension is the hydraulic diameter of the channel
which is equal to four times the cross sectionol arec divided by the wettea
perimeter,

- 8919 X 61.5 X .0196
.09

= 9.05X10°

Re

For a smooth channel of assumed relative roughness, € /D= 5 X 10-5, the
Reynold's Number describes flow in the transition region from laminar to
turbulent flow on the Moody Friciion Chart, Figure Al.

PRANDTL NUMBER

pc

Pr=—pf (A15)
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ATl

3D

998 BTU/ Ib=-° F_coolant specific heat

where c =, A
. 377 BTU/ hr=ft=" F coolant thermal resistance

119X .998
0m

=3.15

Pr

NUSSELT NUMBER

The Dittus - Bolter equation is used to evaluate Nusselt Number.

Nu = 0.023Re)’" 3(pr)0- 4 (A16)
=3

HEAT TRANSFER COEFFICIENT

The heat transfer coefficient for the film at the clad = coolant interface
is

KNu
h= g (A17)

..mxg
L0196

=1022 BTU/ hr=ft2-C F

THERMAL RESISTANCE

A model of a coolant channel is shown in Figure A2, The value of thermal
resistivity, K., for the clod is the value for |100F aluminum. The value
for K, is an experimentally determined valua for axide cermets similar to
the powder metallurgy aluminides and axides that will be used in the new
FNR fuel, 10

MAXIMUM FUEL PLATE CLAD TEMPERATURE

From Figure A2, the differential temperature between the meat centerline,
L and bulk coolant, L is evaluated by

t -t
m w
kas Rm+ € (A18)

since RF>> Rc and Rm'
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MEAT CLAD FiLm
= Axn—.$ AXC S
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FIGURE A2
FNR FUEL THERMAL RESISTANCE MODEL
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(A19)

which means the temperature rises in the clad and meat are negligible compared
to the rise across to clad - coolant interface. The fuel element plates are
essentially at a uniform radial temperature, 'cw’ From equation (A19),

A kaRF
=120+3.68 X 10* x 9.8 x 107 °F

=120+3

=156 °F
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