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RESULTS OF UO2 DIAGNOSTIC TESTS FOR
RUN BEYOND CLADDING BREACH IN EBR-II

by

R. V. Strain and J. D. B. Lambert

ABSTRACT

Predefected UOz fuel elements were irradiated in EBR-II
to determine the response of the fission-product-monitoring
systems. In particular, the tests were performed to indicate
whether the amount of oxide fuel exposed to the primary so-

dium could be estimated by monitoring, with the fuel-element-
rupture detector (FERD), delayed neutrons (DN's) emitted from
bromine and iodine isotopes in the sodium. Elements with de-
fect areas of 0.005 and 0.20 cm2 were irradiated consecutively
in April and June 1977. The smaller defect produced no mea-
surable DN signal, and the larger defect produced a DN signal
of -55 counts per second (cps) while irradiated at 11.3 kW/ft

(0.44 kW/rn) and 70 cps at 14.3 kW/ft (4.35 kW/m). The signal
or 55 cps was about 20 times the signal that would be expected

if the release from the defect had been solely by recoil from
the exposed fuel. Postirradiation examination of the elements
showed that an unexpectedly large amount of UOz/sodium chem-
ical reaction occurred in the element with the 0.20-cm 2 defect.

I. INTRODUCTION

During the design and licensing efforts for the Clinch River Breeder
Reactor Plant, strong incentives were shown for the operation of the plant
with breached fuel elements. An irradiation program for the operation of
breached fuel elements--the run-beyond-cladding-breach (RBCB) program--
was initiated for EBR-II. As part of the preparation for that program in the
reactor, the EBR-II Project embarked upon an irradiation program consist-
ing of the calibration of the fission-product detectors, using an in-core
fission-product source and a series of predefected UOZ fuel elements. The
successful irradiation of the fission-product source (FPS No. 1) has been
reported by Strain et al.' This calibration was to be followed by the irradi-
ation of a series of three predefected U02 elements.

The primary objective of the diagnostic tests with UO fuel elements
was to determine the response of the fission-product-moni.oring systems at
EBR-II to operation of the reactor with oxide elements containing cladding
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defects of known geometry. In particular, the tests were to indicate whether

the amount of oxide fuel that may be exposed to the primary sodium in

breached elements could be estimated by monitoring delayed neutrons (DN's)

in the sodium with the fuel-element-rupture detector (FERD). An additional
objective was to gain data on the nature and extent of release of radioactive
fission gas from defective elements during normal reactor operations.

This report describes the design and fabrication of the tests, the op-

eration of the tests in the reactor, and the postirradiation examination. It

also discusses the results of the tests and the possible causes for the DN and

fission-gas signals that resulted from them.

II. DESIGN AND FABRICATION

The three UOZ diagnostic test elements (see Fig. 1) were designed to

investigate three sizes of defects representing three ranges of conditions in
a breached element. An element with a pinhole leak having a leak rate of

10-3 to 10-4 cm3/s was simulated by making a laser-induced hole in its clad-
ding. An element in which the breach has enlarged to allow a small amount
of fuel/sodium contact was simulated by making a 0.75-mm dia hole in its

cladding. An element with a relatively large breach and significant fuel/

sodium contact was simulated by making a slit 1 mm wide and 20 mm long in

its cladding. All the defects were near the top of the fuel column (-6.3 mm

from the upper interface of the fuel and insulator). Except for the size of the

defects, the fuel-element parameters were the same for all three elements

(see Table I). Because these were the first tests with exposed oxide fuel in

DEFECT CONFIGURATIONS FOR U02 DIAGNOSTIC TESTS

NO.1 NO.2 NO.3

A: PINHOLE CREEP
20mm, RUPTURE FAILURE

" 
20mm eO 

LAON

ELEMENT 0.75mm- - - I..
TOP

DEPLETED - U02  ENRICHED U02 FUEL, 343sm
INSULATOR PELLET

DEPLETED- U0 2
INSULATOR PELLET

Fig. 1. Schematic Drawing of Fuel Elcmcnts for U02 Diagnostic Tests
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TABLE I. Parameters of Fuel Elements of

U0 2 Diagnostic Tests

Fuel type
Fuel form
Pellet diameter

Pellet length
Pellet density
Fuel-column height

Nominal fuel weight
Nominal fuel volume
Fuel oxygen-to-metal ratio
Cladding material
Cladding OD
Cladding wall thickness
Element length
Plenum volumea

Fully enriched U02

Solid pellets
4.9 mm

6.35 mm
95% TD
343 mm
70.0 g
6. 17 mL
2.000 0.001
20%-cold-worked Type 316 SS

,5.84 mm
0.38 mm
470 mm

0.54 mL

aFree volume in element above the defect.

EBR-II, the fuel parameters were chosen to reduce chemical reactions of
fuel and sodium to a minimum by using stoichiometric fuel of a high density.

- MARK A-I9A
SHROUD TUBE

SPECIAL MARK A - 19A
CAPSULE

DEFECT LOCATION
6.4..mBELOW TOP

OF COREII
Fig. 2. Schematic Drawing

of Flow-through
Capsule Design for
U02 Diagnostic-
teat Fuel Elements

Each test element was designed to be irradiated

in the center of a standard Mark A-19A subassembly in
which the test element was surrounded by 18 Mark-II
driver-fuel elements. The predefected elements were
contained in flow-through capsules with l.0-mm-dia
flow holes, as shown in Fig. 2. These holes were sized
to retain fuel particles larger than those that could be

swept from the subassembly and the upper plenum of the
reactor by the flowing sodium.

The high-density UOz pellets were produced by
the following fabrication method. "Low-fired" uranium
dioxide powder was cold-pressed to a "green" density
of 49% TD in a 6.0 5-mm-dia die. The compacted pellets
were sintered in a hydrogen atmosphere at 1640*C for
3.5 h. The resulting pellets were too large to be easily
loaded into the cladding; therefore they were resintered
at 1750 C for an additional 5 h. The smooth nonporous
condition of the pellet surfaces is illustrated by scanning-
electron-microscope (SEM) photographs shown in Fig. 3.

The pellets were loaded into the predefected clad-
ding in a helium-atmosphere glovebox. The element with
the 0.75-mm circular hole and the element with the 1- x

20-mm slit are shown in Fig. 4 after the fuel wad loaded.
The approximate diameter of the pinhole in the third
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element was 3 pm; the leak rate of air through the defect from a pressure
of 84.1 kPa to vacuum was 3.6 x 10~4 cm3/s. The elements were welded, in-

spected, and sealed in stainless steel shipping tubes in the glovebox. They
were removed from their shipping tubes in the argon atmosphere of the
HFEF/N main cell. The UOz fuel pellets were maintained in low-oxygen-
content atmospheres throughout their fabrication and until they were im-

mersed in the reactor sodium.

(a) (b)

Fig. 3. Surface of Typical U0 2 Pellet Used in U02 Diagnostic-test Fuel
Elements. Neg. Nos. (a) MSD-203982; (b) MSD-203984.

I
IL

5mm 5 mm

Fig. 4. Photographs of Defects in Cladding of Two U02 Diagnostic-test Fuel
Elements. Test No. 1 (left), 0.75-mm defect; Neg. No. MSD-191093.
Test No. 2 (right). 1- x 20-mm slit; Neg. No. MSD-191092.
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III. IRRADIATION OF TESTS

In this report the predefected fuel elements will be referred to as
Test Nos. 1, 2, and 3. Test No. 1 'element EV -190) was the element with the
0.75 -mm- dia hole in the claddiig 6.35 mm below the top of the core. It was

irradiated during runs 88A and 88B. Test No. 2 (element EV-191) was the
element with the slit 1.0 mrm wide and 20.0 mm long extending from 6.35
to 26.35 mm below the top of the core. It was irradiated for two separate

periods during runs 80C and 89B. Test No. 3 (element EV-192) was the ele-

ment with the pinhole c, fect prc:duced by laser-puncturing. The results of
Test Nos. 1 and 2 indict ctd' t ;t no significant additional data would be obtained

from Test No. 3; therefore tNs test was not irradiated.

A. Irradiation of Test No. 1 in Position 5C2

Irradiation of Test No. 1 was begun on April 8, 1977, after the test
had resided in the storage basket for 5d and in the core at zero power for
10 d. During the rise to power, the FERD delayed-neutron (DN) detectors*
registered signals that increased linearly with reactor power to a nominal

value of 75 counts per second (cps) at full power. These signals were some-
what higher than normal background levels of 55-60 cps. This behavior is
believed to be due to changing efficiencies of the FERD detectors. As described
in Ref. 1, the response of the FERD system was unstable while the gamma
activity of the primary coolant was rapidly changing. The strongest influence

of the gamma activity was a reduction in the efficiency of the detectors resulting
from dissociation of the BF3 . When the gamma field was removed, the BF3

recombined, so that, during shutdowns, the FERD detectors recovered at
least some of their efficiency. Since the long maintenance shutdown of EBR-II

(31 days) preceded this test, the efficiency of the detectors was probably
greater than after a normal end-of-run shutdown (6-7 days).

Table 11 gives the operating parameters for Test No. 2.

TABLE U. Operating Parameters for
Test No. 1 in Position 5C2

2 5U fission rate 7.126 x 1012 fis/g.s

23 U fission rate 0.427 x 1012 fis/g-s

Power at core midplane 372 W/cm

Power at defect 314 W/cm

Subassembly coolant flow rate 1.56 L/s

Coolant velocity through test
element 0.83 m/s

Peak cladding temperature
at defect 605 25"C

*The FERD detectors at the time of these tests were 2-in. (50.8-mm)-dia, 12-in. (304.8-mm)-long proportional
counters filled with BF3. Two counters were used for each of the three FERD channels (1A, 18, and 1C).
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Shortly after startup with Test No. 1, the s35 mXe activity in the cover
gas rose to a level of about 2.5 times normal background, and the activity of
SmKr became constant at about 1. 5 times background. The activities of 135Xe

and 1 3Xe rose to seven and 70 times background, respectively, although radio-
active equilibrium was never achieved. A temporary shutdown was required

on April 15 to remove subassembly X250, which contained an element with

breached cladding. Subsequently, the cover gas was purged intermittently to

control the activity released from the breached element in X250 in the storage

basket. Figure 5 shows the activities of BsmKr, 1 3 5Xe, and 1 3Xe during the
irradiation of Test No. 1. The remaining fission-gas isotopes-- 1 38 Xe, 8 7 Kr,
and 58 Kr--that are detected by the germanium-lithium argon-scanning sy tem

(GLASS) remained at their normal background levels throughout the irradiation.

100 -

COVER-GAS COVER-GAS
- PURGE 13X1 PURGE-

BREACHED 133
- ELEMENT

IN X250

Q 10
44 135

c-c..- /-

S 1 3  I I _1I l I

SA %FR v ,T RTU

. de II n SC n 3I
85.. I P to 5C2

I.
1 2 3 4 5 6 7 10 II 12 13 14 I5 16 17 I8 19 20 21 22 ?3 24 25

DAYS FROM STARTUP

Fig. 5. Cover-gas Activity during Irradiation of Test No. 1

B. Irradiation of Test No. 2 in Positions 502 and 302

1. In Position 502

Irradiation of the second element (Test No. 2), containing the
1- x 20-mm defect, began in grid position 5C2 on May 7 for run 88C, after the
test had resided in the storage basket for 19 d. The operating parameters for
the element in this position were nearly identical to those for Test No. 1,
which were given in Table II. The only difference was the area of the defect:
5 x 10-3 cm2 for Test No. 1 and 0.2 cm2 for Test No. 2. During startup, the
DN detectors showed signals that increased linearly with reactor power (se
Fig. 6) to full-power count rates of 115-125 cps. The DN signals remained
constant (within the error of the measurement) for the 10-d irradiation of
Test No. 2 in position 5C2, as shown by the daily samples of the count rates
given in Table III.
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TABLE IIl. Delayed-neutron Signals during Irradlilon oa Test No. 2 in Position 5C2

Data-collection
Period

Date Starting Ending
119111 Time Time

Delayed-neutron Signal. cps

Channel IA Channel 19 Channel IC
Mean Min Max Mean Min Max Mean Min Ms

Rsqdor '?over.
MM at

Mean Min Max

Mean ON Signal
Normalized to
62.5 MWI. cps

Channel Channel Channel
IA 18 IC

116.1 10.0 135.3 118.9 102.5 133.5 116.6 98.6
113.4

114.2

114.1
112.1

111.9
112.0
110.4

1112

115

114.1

96.05
91.14
93.1?
81.51
92.09
92.61
90.61
81.12
91.96
91.1?

1'.21

131.9
141.3

131.9
130.1
121.1

130.9

121.2

131.1

10.6

1132

116.0

114.8
113.4
114.6
11.1
111.4

111.5

1162

113.0

92.48

95.18
99.63
92.28
91.A2

31.42

8916
96.39

95.5

P.m

139.9

129.1
146.0
129.0

143.1

131

129.6

133.5

136.0
136.3

119.4

123.1

1212
122.9
122.4

120.4
121.4

118.4

116.6

91.62

102.3

04.1

91.62

103.4
100.3

91.16

132.1 61.96 o1.55 62.4
144.2

145.1

141.1
143.8
145.1

13.1

131.9

143.3

131.8

61.11
61.35
61.26
61.02
60.93
61.90
61.83

62.07

61.96

6125
Wig

60.5

60.39

61.18
61.31
61.23
61.43

61.E

62.44

61.99
61.65

61.60

61.59
62.5

62.53

63.12

62.53

624
Mean %Wih- at. ON sIgnal 115.3 115.5 121.9

Fission-gas release from the second UO. element was significantly
larger than from the first. The short-lived gab isotopes stabilized at activity
levels ranging from 2.2 times background for 1 3 6Xe to 9.3 times background
for l3 mXe. The activities of 1mXe and 1 3 Xe increased with time to peak values
of 15 and 40 times background, respectively. Because the irradiation was
short, the 183 Xe activity again was not at equilibrium. The test was removed
from the core on May 17 when another subassembly was removed because of
a cladding breach. During the subsequent rise to power, the DN signals in-
creaseci linearly to a normal background level of 55-60 cps at full power, as
shown by the dashed lines in Fig. 6.

13

I-

d-
u

4

1h

IJ
4
01

- T T F 1 T
O CHANNEL IA

o CHANNEL lB

a CHANNEL IC

--

-

-

-0-0

Fig. 6

D11 Signals during Reactor Startups. Solid
lin:s represent a startup with Test No. 2
in position 5C2. Dashed lines represent a
star up with no known source present except

tram uranium.
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00
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115.4
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111.6

120.8

126.2

124.1
126..
123.6
121.1

17.2
119.4

111.6
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A FERD flow-reduction (FFR) test--a reduction of the sodium

flow through the loop that is monitored by the 1)N detectors--was performed

on May 13. The test procedure was the same as used during run 87 with a

test fission-product source in the reactor. Reference 1 describes the pro-
cedure and the data used in the analyses for such a test. During FFR tests,
the time required for fission products to reach the DN detectors is varied by
reducing the sodium flow rate through the FERD loop. The time required for

DN emitters to travel from their birthplace in the core to the FERD-loop
inlet (IHX outlet) was estimated from the data from the FFR test, using the
following equation that was derived by Fryer:2

n

A a 1 RiYi~i exp[-Xi(t + ta)]

Ab n
RiYixi exp[-Xi(t + tb)]

i=1

where

Aa = activity at FERIL .'th flow rate a,

Ab = activity at FERD with flow rate b,

Ri = release rate for nuclide i,

Yi = delayed-neutron yield for nuclide i,

Xi = decay constant for nuclide i,

ta = transit time from FERD inlet to detectors at flow rate a,

tb = transit time from FERD inlet to detectors at flow rate b,

and

t = transit time from core to FERD inlet.

Two sets of data for the DN yields and decay constants were used

in calculating transit time t. The first set was based on experimental measure-
ments by Keepin 3 in a fast flux. The other set of data was derived from the
probabilities obtained by Izak-Biran and Amiel 4 for DN emission from fission-
product nuclides in a thermal flux, the cumulative fast-fission yields of Meek
and Rider,5 and a relative release rate based on fission-product recoil ranges
obtained from the fission-product-source calibrations.

The activity ratios measured during the May 13 test were used to
calculate the transit time for the DN emitters from Test No. 2 in 5C2. The
results, in Table IV, show that the transit time from the core to the FERD
inlet was -29 a based on the Izak-Biran data and -31 s based on the Keepin
data.
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TABLE 1V. ' :ansit Time (t) for DN Emitters from
Test No. 2 in Position 5C2

Transit Time Transit Time

Flow Rates,a Based on Izak- Based on
L/s Activity Ratiosb Biran Data, s Keepin Data, s

6.24, 3.55 1.195 26.5 28.7

6.24; 1.97 1.581 28.2 30.9

6.24; 1.06 2.579 28.7 31.2

3.55; 1.97 1.323 30.2 33.0

1.97; 1.06 1.632 29.8 31.7

3.55; 1.06 2.1579 30.0 32.4

Mean transit time 28.9 31.3

Standard deviation 2.7 2.7

aSpecific flow rates from the FFR test used in calculating transit
time.

bActivity ratio is the DN activity at the first flow rate divided by

the DN activity at the second flow rate.

A control-rod-movement test was performed during the irradiation

of Test No. 2 in position 5C2. The control rods adjacent to the test were

inserted into and withdrawn from the core to generate local flux increases
and decreases while other control rods were moved to maintain constant

reactor power. The reactor power was reduced to 59.5 MWt before the control-
rod-movement test was begun. The movement of the control rods was estimated
to have caused a 5% decrease and a 2% increase in the local flux with respect
to the flux at 59.5 MWt.

In a previous control-rod-movement test performed with a fission-
product source in the core, the response of the FERD was linear with the
changes in the flux.' The FERD signal decreased when the reactor power was
reduced at the beginning of the control-rod-movement test with Test No. 2,
but did not decrease further when the local flux was reduced. The local flux
increase did appear to cause a slight increase in the FERD response. The
data from the control-rod-movement test are listed in Table V. These results
are inconclusive because of the statistical uncertainty associated with the low
count rates. The results are presented because they hint that the response
of FERD to flux perturbations with a breached oxide element may not be
linear as it was with the fission-product source.

TABLE V. FERD Data during Control-rod-movement
Test of May 13, 1977

Time D ciiy p Average DN
Period Reactor Local FERD DN Activity, cps Activity,D%

Power, Flux Flow, Channel Channel Channel of Full-
Start End MWt Conditions L/s IA 1B IC power Activity

62.6 Normal 0.628 55 56 56 100
1323 1327 59.5 Normal 0.628 47 45 53 87
1337 1341 59.5 Reduced 0.628 47 51 53 90
1353 1357 59.5 Increased 0.628 50 52 54 93
1408 1410 59.5 Reduced 0.628 47 49 51 88
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2. In Position 3C2

Test No. 2 was irradiated at a higher power level in reactor grid
position 3C2, starting on June 22 (in run 89B). Table VI gives the operating
parameters for the test element during this irradiation segment. Again,
during startup the DN detectors of the FERD system showed signals increasing
linearly with reactor power to a full-power count rate of 130 cps (see Fig. 7).
The DN signal remained at this level for 16 d and then rose slightly to~X137 cps,
where it stayed for 4 d before returning to ~130 cps for the rest of the run seg-
ment. Table VII presents more detail on the DN signals during this irradiation.

TABLE VI. Operating Parameters for Test No. 2
in Position 3C2

Z35U fission rate

Z38U fission rate

Power at core midplane

Power at defect

Subassembly coolant flow

Coolant velocity through
test element

Peak cladding temperature
at defect

150
140

130

120
110

100

90
80
70
60

50
40

30
20

I0

0 10 20 30 40 50 60
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8.244 x 10"2 fis/g.s

0.491 x 102 fis/g-s

430 W/cm

364 W/cm

1.62 L/s

0.86 m/s

632 25*C

Fig. 7

DN Signals during Reactor
Startup with Test No. 2 in
Position 3C2

o CHANNEL IA
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TABLE VII. Delayed-neutron Signals during Irradiation of Test No. 2 in Position 3C2

Data-collection Mean DN SignalPerid
Start End Delayed-neutron Signal. cps Normalized toChnnlarthane lECaneliC Mean 625 MWt. cps

Date Date Channel A Channel 18_Channel1C C Reactor Channel Channel Channel
(1977) Time (19771 Time Mean Min Max Mean Min Max Mean Min Max Power, MWtI 1A 18 iC

6/21 2132 6/21 2231 128.7 112.0 163.8 123.6 107.8 138.3 120.3 93.6 137.1 61.68 130.4 125.2 121.9
6/23 1955 a.3 2054 131.9 112.4 154.5 129.3 111.2 155.3 134.0 106.1 150.8 61.90 133.2 130.6 135.3
6/23 1650 6/24 0240 134.1 116.0 154.6 127.7 101.5 150.4 135.0 109.9 164.0 61.90 135.4 128.9 136.3
6/28 1445 6/28 1544 134.8 103.9 172.6 129.5 102.0 149.2 140.6 117.7 174.7 61.75 136.4 131.1 142.3
7/2 1430 7/3 0020 130.5 110.8 147.6 127.5 113.4 146.6 140.9 125.9 158.6 61.43 132.8 129.7 143.4
7/3 1430 7/4 0020 133.9 109.6 153.4 129.7 18.3 150.3 142.1 115.3 172.1 61.60 135.8 '131.6 144.2
7/5 2010 7/6 06W 136.0 107.6 151.6 136.1 117.3 160.0 151.0 123.9 165.4 61.19 137.6 137.7 152.7
7/1 1550 7/8 0140 137.0 120.2 155.2 135.5 114.4 148.5 150.5 132.4 171.9 61.35 139.6 138.0 153.3
7/9 1610 7/10 02 0 1342 113.1 156.3 130.7 115.4 149.7 139.6 119.8 162.5 62.47 1343 130.8 139.7
7/11 1530 7/12 0120 118.9 102.4 133.1 123.1 109.8 132.0 132.7 119.7 142.0 6227 119.3 123.6 133.2
7/13 1420 7/14 0010 127.3 106.3 144.8 -- -- -- 133.9 119.6 148.5 60.75 130.9 -- 131.8
7/15 200 7/16 0550 127.8 113.1 154.9 126.1 103.8 1543 135.8 116.0 164.2 62.97 126.8 125.2 134.8
7/17 1420 7/18 0010 129.4 111.6 153.8 126.7 107.1 151.7 137.3 118.1 160.8 63.06 128.2 125.6 136.1
7/19 150 720 0130 1272 98.5 151.6 121.9 94.8 142.5 134.3 13.4 155.8 63.27 125.6 120.4 132.6
7/21 2050 7/22 0640 126.6 101.6 152.8 124.7 93.5 147.5 133.5 110.2 156.5 63.30 125.0 123.1 131.8
7/22 2330 7/23 0920 128.6 109.7 151.1 137.8 113.9 165.8 13 8 113.9 165.8 6326 127.0 136.1 136.1
7/24 1830 7/25 0420 137.1 114.3 159.3 136.1 116.0 156.5 145.7 121.8 173.6 63.39 1352 1342 143.7

Mean steady-state signal 132.1 128.8 138.7

Consistent with its higher linear power in position 3C2, Test No. 2
released fission gas at a much higher rate than during its previous irradiation

in 5C2. Peak fission-gas activities were reached during the first 24 h at

62.5 MWt and ranged from 58 times normal background for iSsmXe to 220 times
normal background for 87Kr. The fission-gas activities then declined to the
steady-state levels shown in Table VIII. During the irradiation in position
3C2, operation cf the cover-gas cleanup system (CGCS) was being tested.
Operation of the CGCS significantly reduced the activity in the cover gas; thus
there were only a few periods when the activity in the cover gas approached
equilibrium. Additional uncertainty was added to the cover-gas activity from
the UJ0 2 test during this period because of the suspected presence of a breached
sodium-bonded advanced-fuel element also in the core. However, fission-gas
release from the advanced-fuel element was probably very low.

TABLE VIII. Steady-state Gas Activity during Irradiation
of Test No. 2 in Position 3C2

Activity in Activity in
Cover Gas x Cover Gas x

Isotope Bac'ground Isotope Background

smKr 10.9 131Xe 25.0

$7Kr 6.3 l3smXe 10.0

Kr 8.1 "Xe 5.4

"'Xe 25.0I
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During the irradiation of Test No. 2 in position 3C2, an FFR test
was performed by the same procedure used for the May 13 test. Results froni
this test, shown in Table IX, indicate that the transient time for the DN
emitters from their birth in the core to the FERD inlet was ~23 s based on the

Izak-Biran data. The flow rate through the subassembly in 3C2 was slightly
higher than in position 5C2, but the time for the coolant to reach the FERD
inlet from the core was estimated to be the same for both positions.

TABLE IX. Transit Time (t) for DN Emitters from Test No. 2
in Position 3C2

Transit Time Transit Time

Flow Rates,a Based on Izak- Based on

L/s Activity Raticsb Biran Data, s Keepin Data, s

6.17; 3.53 1.209 23.8 25.5

5.17; 2.04 1.632 22.3 24.3

6.17; 1.02 2.857 23.5 25.8

3.53; 2.04 1.734 21.0 23.4

2.04; 1.02 1.994 26.4 28.6

3.53; 1.02 2.363 23.3 25.8

Mean transit time 23.4 25.6

Standard deviation 3.7 3.5

aSpecific flow rates from the FFR test used in calculating transit
time.

bActivity ratio is the DN activity at the first flow rate divided by
the DN activity at the second flow rate.
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IV. POSTIRRADIATION EXAMINATION

Nondestructive postirradiation examination of the fuel elements from
Test Nos. 1 and 2 was completed at HFEF/N. Visual examination of Test No. 1
revealed no unusual features, but visual examination of Test No. 2 revealed
a small longitudinal crack at the top end of the defect (see Fig. 8). There was
a reaction product on the surface of the pellets exposed by the slit. Gamma
scanning and neutron radiography provided no unusual results. There was
no evidence of the formation of a central void in either element. Profilometry
showed maximum diameter changes of 0.1 and 1.3%, respectively, for
Test Nos. 1 and 2 in the area of the defect.

1

(A)

-m
5m T

3mm

(B)

Fig. 8. Photographs of Defect in Test No. 2 after Irradiation. (A) Neg.

No. IIFI F 107JP4; (B) Neg. No. HFFF 107JP2.

Destructive examinations of the two elements were performed in the
alpha-gamma hot-cell facility (AGHCF) at ANL-East. The examination in-
cluded microscopy of three cross sections from each element and electron-
microprobe analysis of one section from Test No. 2 at the defect. The cross
sections and their locations are shown in Fig. 9 for Test No. 1 and in Fig. 10
for Test No. 2. The fuel structure in these cross sections exhibited no central
void formation and thereby confirmed the interpretation of the neutron radio-
graphs. The Test No. 1 element appeared to have undergone a very small
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amount of equiaxed grain growth in its region of highest temperature (reactor
midplane), as shown in Fig. 11. The high-power operation of Test No. 2 pro-
duced a significant amount of grain growth in the hottest region of the element,
as shown in Fig. 12.

The absence of any significant amount of a second phase in the fuel/
cladding gap and in the cracks in the fuel shows that very little sodium/fuel
reaction occurred in Test No. 1. Minute amounts of a second-phase material
were present adjacent to the 0.75-mm-dia defect, as shown in Fig. 13. How-
ever, the cross sections taken at or near the defect of Test No. 2 had a con-
tinuous band (about 120 pm wide) of a second-phase material in the fuel/
cladding gap. A lesser but significant amount of this material was found in
the fuel/cladding gap at the core midplane. Electron-microprobe analysis on
the cross section through the defect in Test No. 2 revealed that the second-
phase material consisted of uranium and sodium, as shown in Fig. 14. Since
the electron microprobe could not detect the presence of elements with atomic

1mm

Fig. 11. Cross Section from Test No. 1 at Reactor Midplane. Neg. No. MSD-193962.



(

1 mm

Fig. 12. Cross Section from Test No. 2 at Reactor Midplane. Neg. No. MSL-193959.

*~

~JLJ"" -*- ~

(a) (b)

Fig. 13. Photos Showing Small Amount of Sodium/Fuel Reaction Product Present at
Defect of Test No. 1. Neg. Nos. (a) MSD-193920; (b) MSD-193918.
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Fig. 14. Plot of Relative Intensity of X Rays from Area of Fuel/Cladding
interface of Cross Section at Defect of Test No. 2

numbers less than 11, oxygen was not detected, although it was assumed to

be present. The ratio of sodium and uranium present indicated that the
second phase was the compound Na3 UO 4. Sodium was not detected inward from

the interface between the fuel and the second phase, although the appearance
of the fuel after being polished revealed that sodium had penetrated to a depth

of about 0.4 mm along the grain boundaries.

24
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V. DISCUSSION OF RESULTS

A. Delayed-neutron Release

The DN signals from Test No. 2 were determined by subtracting the
background signals from the average steady-state signals during the irradia-

tion of the test. During the irradiation in position 5C2, the DN signals were
55, 59, and 59 cps for channels IA, iB, and IC, respectively. The background

signals used were the average steady-state signals obtained during run 88D,
when no known breached elements were in the reactor. Calculations comparing
the DN signals to those from the fission-product-source (FPS) test during
run 87 (Appendix A) indicate that these signals were equivalent to recoil re-
lease from an area of UO about 22 times as large as the geometrical area of
the defect. That is, if only recoil release of DN emitters was taking place,

the apparent area of the exposed fuel was 5.0 cm2 , rather than the actual
defect area of 0.2 cm2 .

Why was there this apparent enhancement of the DN signal in Test No. 2?

The results of the reduced- FERD-flow test for Test No. 2 in posi-
tion 5C2 showed the transit time for DN emitters to be -29 s, 14 s longer than
that for DN emitters released from the FPS in position 5E4. The flow paths
from 5C2 and 5E4 are considered to be equivalent, as shown in Fig. 15. There-

fore, the difference in transit times was considered to represent a holdup

N
COOLANT OUTLET

ARROWS INDICATE
GENERAL DIRECTION
OF COOLANT FLOW
IN UPPER PLENUM

REACTOR

UPPER - PLENUM
BAFFLE

POSI

POSITION
5C2

VESSEL - - -

FLOW

TION 5E4

Fig. 15. Flow Pattern (arrows) of Primary Coolant in Upper Plenum of EBR-II
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time for DN emitters in the Test No. 2 fuel element itself. This implied that the
enhancement of the signal was by fission products originating from regions of

the fuel besides that beneath the defect. There are two likely causes of, or
contributors to, the enhancement of the DN signal. One, DN emitters were
released from the fuel by diffusion as well as by recoil from the fuel surface.
Two, DN emitters were transported from a large fuel area to the defect through
the sodium that filled the gap between the fuel and the cladding when the test
was immersed in the sodium.

Test No. 2 was irradiated at a higher power, in position 3C2, to gain
more information as to the cause of the signal enhancement. The average

steady-state DN signals from the test during this irradiation were 72, 72, and
76 cps for channels lA, 1B, and 1C, respectively. These signals represent
increases of 31, 22, and 29% (for channels lA, 1B, and 1C, respectively) over

the DN signals from the test when it was in position 5C2. The increase in
DN signal was almost twice the increase in power (~16%) that occurred when

Test No. 2 was moved from position 5C2 to position 3C2. Results from the
reduced-FERD-flow test at the higher power indicated that the transit time
for the DN emitters from position 3C2 was -23 s. On the basis of the Izak-
Biran data, the reduction in transit time from ~29 to ~23 s should increase
the DN signal by about 29%. The combination of a higher fission rate and
shorter transit time, however, should have increased the DN signal by about
45%. Therefore, the increase in DN signal was less than predicted from the
power increase and the shorter transit time, but greater than predicted by

recoil at the higher fission rate.

The postirradiation examination of the Test No. 2 element showed
that a large amount of fuel/sodium chemical reaction occurred in the fuel/
cladding gap. If this reaction occurred during the storage of the test in the
basket from May 17 to June 22, or during its subsequent startup in row 3, the
DN emitters during irradiation in that row would be released more slowly

from the reaction product than from the fuel, because the specific fission rate
in the reaction product would be less than in the fuel. The signal may have
increased because the rate of diffusion from the fuel and reaction product was
higher as a result of the greater temperature gradient in the fuel at the higher

power. Conversely, the higher signal and slower transit time may have been
the result of a short path to the flowing sodium as a result of sodium penetra-
tion into the lower-density, less-cohesive structure of the reaction product
as compared to the fuel.

Results of irradiation tests in a sodium loop by Sakai et al. 6 indicate
that DN emitters are released from UOz disks by another mechanism in addi-
tion to recoil. In the Japan Research Reactor (JRR-2), disks of 90%-enriched
UO (95% TD) were irradiated at a specific power of -1.5 W/g in flowing

sodium. The 5-mm-dia, 2-mm-high disks had a surface area of 17 cmZ. The
measured DN signal from this irradiation was 17 times as great as the theo-
retically calculated value based on recoil release from the U02. This "en-
hancement" was attributed to diff'nences between the geometrical surface area

and the actual surface area; because of surface irregularities, the actual area
was probably greater than the geometrical area. However, if the surface
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condition of the 95%-TD UO2 used in the JRR-2 tests was similar to that of
the 95%-TD pellets used in the UO2 diagnostic tests, surface irregularities

are unlikely to account for the 17-fold enhancement of the DN signal.

During the irradiations of the disks in the JRR-2 loop, the flow rate
in the loop was changed in a manner similar to that for the reduced-FERD-

flow tests performed during the UO2 diagnostic tests. When we analyzed the
results of the reduced flow rates in the loop by the method used for our diag-

nostic tests, we obtained a transit time of ~14 s (based on the Izak-Biran
data). However, the UO disks were irradiated in the flowing sodium that was

monitored by the DN detectors; therefore, for recoil release the transit time

to the detectors should have been negligible. Therefore, the transit time must
have been in the fuel itself, and there probably is a time-dependent mechanism
for the release of DN emitters from the fuel.

These data show that a diffusion type of mechanism is responsible for

the enhanced release from UO2 in both the Japanese loop tests and the EBR-II
diagnostic tests. The difference in the degree of enhancement--17-fold for

the Japanese tests versus 22 for the EBR-l1 tests--is explained by the much
greater thermal gradient in the fuel in the EBR-II tests. The specific power
in Test No. 2 in position 5C2 was ~150 W/g, compared to ~1.5 W/g in the

JRR-2 loop tests.

B. Fission-gas Release

Calculations to determine the levels of fission-gas activity in the cover
gas as a result of operating EBR-II with a defected UO2 fuel element were

performed using a modified version of the RELEAS code? as part of the safety
analysis for the tests. Data from the GCFR sweep-gas experiments 8 '9 per-
formed in the Oak Ridge Research (ORR) reactor were used as input for the
gas-release rates from the fuel. There was considerable uncertainty in these

calculations because of the difficulty in extrapolating the ORR test results to
EBR-II conditions. Table X shows the results of the calculations for equilib-
rium conditions based on the data from the GB-10 capsule of the ORR tests. 10

(The calculational method is described in Appendix B.)

TABLE X. Calculated Cover- as Activity for UOL
Diagnostic Tests. Based on GB-10 Data

Cover-gas Activity, Bq/cm'

Fractional Normal Calculated/
Isotope Release Background Calculated Background

smKr 1.6 x 10-' 4.6 .. !4 x 10' 466

"Kr 7.5 x 10' 1.716 112 65

"Kr 2.9 x 10' 6.16 450 73

"Xa 5.8 10'1 14.4 2.12 x 10' 1472

1. mXe 3.3 x 10' 0.26 0.473 2

"Xe 7.0 x 10-' 24.8 3.60 x 10' 145

"'Xe 2.7 x 10'1 1.014 1.88 2
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The very small quantity of fission gas replaced during the irradiation
of Test No. I was attributed to the high retention of fission products by the
fuel. This high retention resulted from the following design and operating
parameters:

1. High fuel density.

2. Relatively low power generation- -peak power was 345 W/cm.

3. Reduced fuel temperature resulting from sodium ingress into the
annulus between fuel and cladding.

The ingress of sodium into the elements through the defect as they

were loaded into the reactor also appears to have inhibited fission-gas release
from the U02 tests. Before the initial reactor startup with each test, the

element was filled to a level slightly above the defect because of the static
head of sodium above the defect. Once the primary pumps were started, this

pressure was approximately doubled, and sodium was forced into the element

until the plenum volume was halved. Fission gas in the form of noble-gas

nuclides could be released from the plenum only after the gas volume had
expanded to displace the sodium in the plenum.

The cover-gas-activity data from Test No. I indicate that the only
fission-gas isotopes released from the fuel element were those with relatively

long-half-life precursors that are soluble in sodium. The gas isotopes (138 Xe,
87Kr, and 8 8Kr) that decay from short-lived iodines and bromines remained
at their background activities during the irradiation of Test No. 1. These
results for gas release agree with the lack of a DN signal, because the short-

lived iodineb and bromines are the predominant DN emitters.

The increase in fission-gas activity observed during the irradiation of
Test No. 2 in position 5C2 also was consistent with the release of greater
quantities of the short-lived Di emitters in that '38 Xe, 87Kr, and 88 Kr activity
increased to levels above background in the cover gas. The gas release from
Test No. 2 in position 3C2 also followed the same pattern as the increases in
the DN signals. In general, the gas-release data indicate that the gas came
from precursors soluble in sodium rather than as direct gas release. There
was no sudden change in the gas release rate from any of the elements during
their irradiation to indicate that a bubble of gas had been released or that gas
was being released directly. However, the longest period of steady irradiation
was about 20 d, and there were larger fission-gas releases from other sub-
assemblies before all but one of the reactor shutdowns during the tests. During
that shutdown, on July 12, 1977, there was a rapid increase in cover-gas ac-
tivity that may have been caused by gas released from Test No. 2 as the pumps
were stopped. Unfortunately, an advrced-fuel subassembly with a breached
element was also probably in the core at that time.
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C. Fuel/Sodium Reaction

The extent of fuel/sodium chemical reaction that occurred in the two
test elements was quite different, as shown by the postirradiation examination.
The fuel fabrication, element assembly, handling, and transport were essen-
tially the same for both elements. The significant differences were the size
of the defect (40 times as large in Test No. 2 as in Test No. 1) and the opera-

tion of Test No. 2 at a significantly higher power rating after being stored in
the basket after its initial irradiation under conditions identical to those for
Test No. 1. If it is assumed that both elements filled with sodium while in

the storage basket before their irradiation, the size of the defect would have
no effect on the availability of sodium for the fuel/sodium chemical reaction.

Therefore, the primary variable that was different was peak operating power:
372 W/cm for Test No. 1 and 430 W/cm for Test No. 2 (in position 3C2).

Figure 16 shows the radial temperature profiles for the elements,

calculated using fuel conductivities corresponding to the as-fabricated fuel
densities and high gap conductances to simulate sodium in the fuel/cladding
gap. These plots show a fuel surface temperature of ~625*C for Test No. 1

and -67 0 C for the high-power operation of Test No. 2. There is a greater
difference in fuel-centerline temperatures: ~1765*C for Test No. 1, and

2045*C for Test No. 2. The combination of a slightly higher surface tempera-
ture and a significantly higher centerline temperature probably contributed
to the greater fuel/sodium reaction in Test No. 2.
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The amount of reaction product that was produced points to the avail-
ability of a relatively large amount of oxygen, an amount estimated to be
equivalent to an oxygen-to-metal ratio of 2.1 for the fuel. Since this quantity
of oxygen was not present in the as-fabricated fuel and should not have been

available during handling before operation, the large amount of fuel reaction

product in Test No. 2 must remain an anomalous result until further data con-

cerning fuel/sodium reaction in EBR-II are available.

VI. CONCLUSIONS

The UOZ diagnostic tests showed that size of defect is an important

parameter in determining the DN signal from a breached element in that a

0.005-cm2 defect produced no detectable signal and a 0.2-cm2 defect produced

a readily detectable signal. These tests also showed that UO2 fuel releases
DN emitters at a rate greater than that produced by recoil. At a power rating

of 314 W/cm at the defect, the DN signal was 22 times that expected from
recoil.

The gas release from these tests was not typical of what may be ex-

pected from a natural breach. None of the gas released from the UO 2 tests

appeared to be released directly as gas. The gas from the elements was gas
from decay of precursors soluble in sodium. This unique behavior was the
result of low gas release from the high-density fuel and from the sodium that
filled the gap between the fuel and cladding.
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APPENDIX A

Derivation of DN Enhancement in Test No. 2

An apparent enhancement of the DN signal from Test No. 2 as coin-

pared to that from the fission-product-source (FPS) test was discussed in
Sec. V.A. The enhancement was calculated as follows:

Exposed alloy surface area (As) in FPS test = 3403 cm2.

Recoil volume (Vs) in FPS alloy giving fission products = As x recoil length
in FPS = 3403 x 5.5 x 10~4 cm3 = 1.87 cm3.

Weight of uranium in recoil volume = V5 x alloy density x weight
fraction U = 1.87 x 8.9 x 0.032 g = 0.533 g.

At full power with the FPS in location 5B2, channel 1A on FERD read 950 cps.

Assume that tramp background on FERD was 50 cps;

then 900 cps on FERD channel 1A during FPS test = 0.533 g U,

and 70 cps on FERD channel 1A during Test No. 2 = (70/900) x 0.533 g =
0.0415 g U.

However, defect area (Ad) in Test No. 2 element = 0.203 cm2.

Recoil volume (Vd) beneath Ad = Ad x recoil length in UO2 = 0.203 x 10 x
10-4 cm 3 = 2.03 x 10- 4 cm3 ; this is equivalent to 2.11 x 10-3 g UO2 or
1.86 x 10-3 g U.

Thus, in the UO2 element in Test No. 2, 1.86 x 10-3 g U is releasing as many
recoils as 0.0415 g U in the alloy fuel in the FPS.

The apparent amplification factor is thus (0.0415/0.00186), or about 22, for
the ceramic fuel.
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APPENDIX B

Method of Calculating Cover-gas Activity

The following description summarizes the method used to predict
cover-gas activities by the RELEAS code and similar computer programs
developed specifically for the FPS test and the U0 2 diagnostic tests.

The assumptions involved are:

1. A three-member decay chain with fractional branching is used.

2. Since precursors of those parent isotopes under consideration
(iodine and bromine) have negligible half-lives, the production of the parent
isotopes is assumed to be instantaneous. Therefore their cumulative fission
yield was used to determine their source strength.

3. The cold trap affects only iodine and bromine isotopes, and a
negligible amount of iodine and bromine is found in the cover gas.

4. Mixing of sodium in the primary tank is uniform.

5. ' xing of the cover gas is uniform.

6. AL removal processes- -namely, cold-trapping, entry of krypton or

xenon into the cover gas, cover-gas leakage, and cover-gas purges--are
modeled with Arrhenius-type equations so that effective half-lives and associ-
ated decay constants can be used.

Figure 17 shows the chain of events modeled in the RELEAS code.

Fig. 17

Schematic Diagram Showing Chain of
Events Modeled in RELEAS Code

SODIUM S2 COVER GA S

f, f I ,NNHIs N2s 2c

ACT 113 I 23 2 23 2

N s 3c
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In the model,

NIB = number of parent atoms (iodine or bromine) in the sodium,

NZS = number of metastable daughter atoms mXe or mKr in

the sodium,

Nis = number of ground-state daughter atoms (xenon or krypton)

in the sodium,

N2C = number of metastable daughter atoms in the cover gas,

N3 c = number of ground-state daughter atoms in the cover gas,

S1 = direct fission source of the parent (= cumulative yield x

fission rate),

SZ = direct fission source of the metastable daughter

(= instantaneous yield x fission rate),

S3 = direct fission source of the ground-state daughter
(= instantaneous yield x fission rate),

f1 a= decay branch fraction from the parent to the
meta stable daughter,

f13 = decay branch fraction from the parent to the ground-state
daughter,

f a3= decay branch fraction from the metastable daughter to

the ground-state daughter,

A1, X, A = radioactive decay constants of the parent, metastable

daughter, and ground- state daughter, respectively,

ACT = cold-trap removal constant for iodine or bromine,

AH = sodium-removal coefficient for krypton and xenon isotopes,

and

Ap = net cover-gas isotope-removal constant = A purge +
A leakage.

The resultant differential equations describing sodium and cover-gas
isotopic inventories are



= S1 - XjN 15 - ACTN15,

= flzX 1N1 s + S2 - X2N2s - XHNZ5I

= S3 + f 13 X1 N1 + fz3XzNz 5  3N3s - XHNs,

= aHNZS - XzNzc - XpN2c,

= XHN3s + fz 3 XzNZC - X3N3C XpN 3c.

Solutions have been obtained, but are not given here. They have been
successfully to calculate levels of 133Xe and 135Xe activity in the cover

34

dN1 5

dN2 s
dt

dN3 e

dNzc
dt

and

dN3 C
dt

used
gas.
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