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IN-CORE BURNOUT FAILURE OF PWR TYPE FUEL ROD AND
ITS BEHAVIOURAL ANALYSIS BY USING EQUIPPED INSTRUMENTATIONS

Kazuaki YANAGISAWA

Department of Nuclear Safety Research,Tokai Research Establishment,

JAERI
(Received January 12, 1984)

A total of three 17x17 type PWR fuel rods have been in base irradiation
with power level of 25 kW/m under condition of PWR simulated high pressure loop
in Halden Boiling Water Reactor were burned during operation.

The burnout was principaily attributed to misoperation of coolant flow
control valve which was immediately requested to open for sufficient coolant
flow level from 2 700 1/h to 3 700 1/h in accordance with power increase of
irradiating fuel assembly from 90 kWi~20kW/m) to 130 kW{~27kW/m).As a result,
poor cooling condition has yielded and lasted about 24 hours. Fuel burnout
occurred under such condition.

An investigation to clear fuel condition prior to and post burnout failure
was carried out. Time-dependent in-core data as well as data from ex-reactor
outerview test was used. Obtained results are as follows:

(1} It is revealed from ex-reactor inspection that fuel burned along 4 to

7 cm in length in the neighbourhood of fuel top section where thermal

neutron flux became maximum under irradiation.The burned three fuels

were directly facing at reactor core center.

(2) A typical poor coolant condition consisted of maximum coolant temperature
of 346 °C,system coolant pressure of 15.12MPa and coolant flow rate of 2716 1/h
which was as 32% as below than normal one.It is revealed from thermohydraulic
calculation that the ratio of generated steam to water under such condition will
be about 10.5 %. A circumferential temperature distribution of fuel rod
inferred from coolant temperature measurement is almost uniform during boiling.
(3) A internal pressure of burned rod increased after power rise and reached

measureing 1imit three hours later on.

(3]
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{4) In subsequent power holding after power rise, a sudden drop of cladding
elongation was occurred in the two burned rods while nothing was occurred
among rods undefected.With respect to time of sudden drop of elongation,
there was a difference between the burned two rods.The time difference seems

to be strongly dependent upon the difference in fuel fabricating characteristics
such as as-built diametral gap and filler gas pressure.

(5) In the course of poor cooling condition, upper cluster in the assembly
suffered higher coolant temperature and entered rather earlier into boiling
than lower cluster did. The power of upper cluster at that time was 20.3 kW/m
while that of lower cluster was 27.2 kW/m. The principal reason which prevented
the upper cluster from the burnout was addressed to such condition associated

with relative low power level.

Keywords:Fuel Burnout, Failure, PWR Rod, Instrumentation;HBWR
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Schematic representation of high pressure loop in
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Schematic representation of high pressure rig of PWR
involving a various kind of instrumented fuel assemblies
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at a maximum power level in base irradiation stage
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Fuel to cladding heat transfer coefficient vs 1inear heat

rating as a function of fuel diametral gap |

(top) Coolant flow rate and (bottom) lower cluster powey
as a function of cluster burnup in which the arrows
denote the burnup at which DNB has caused

History of coolant temperature which has been measured
at (bottom) an assembly bottom;TI-1,(middle) an assembly
peak power location;TM-1, and (top) an assembly top;T0-1

where arrow denotes time of occurrence of fuel failure

History of coolant pressure of which the band indicates

range of operation over irradiation

Cross section of lower c]uster'(bottom) and upper cluster
{top) of PWR fuel assemblies involving a downcomer ,51X
fuel rods and six guide tubes ;loading positions of burned
fuel rods(with * mark) and instrumentations attached to

are also included
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Irradiation time dependent assembly power and condition of
coolant during burnout stage

(1eft) Detail location of instrumented coolant thermocouples
and fuel seemblies{right) corresponding power flux under
normal operation

Coolant temperature measured at inlet position(TI-)
vs irradiation time

Coolant temperature measured at peak power position(TM-)
between lower and upper cluster vs irradiation time

Coolant temperature measured at flow outlet position
(TO-) vs irradiation time

Coolant temperatures measured at three different positions
(TI-,TM-,T0-) in the high pressure rig and coolant flow
rate(F-152) as a function of irradiation time

Rod averaged power of burned out PWR19 and coolant flow

rate vs irradiation time

Rod averaged power of burned out PWR 18 and coolant flow
rate ys irradiation time

Rod averaged power of non-burned PWR0O5 and coolant flow

rate vs irradiation time

Rod averaged power of non-burned PWR06 and coolant flow

rate vs irradiation time

Cladding-axial elongation of two burned rods and rod
averaged power of PWR18 as a function of jrradiation time

Cladding axial elongation of burned PWRI8 as a function of
rod averaged power

Cladding axial elongation of burned PWR1% as a function of
rod averaged power

Cladding axial elongation of two non-burned rods and Tower
cluster averaged power as a function of irradiation time
Cladding axial elongation of non-burned PWRO% as a function
of rod averaged power

Cladding axial elongation of non-burned PWR0O6 as a function

of rod averaged power
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Rod averaged power of non-burned PWRI12(upper cluster)
and coolant flow rate as a function of irradiation time

Rod averaged power of non-burned PWR14{upper cluster)

and coolant flow rate as a function of irradiation time

Comparison of averaged power between in Tower cluster and
in upper cluster in which assembly power is included

as a reference

Cladding axial elongations of two non-burned upper cluster
fuel rods and averaged upper cluster power as a function
of irradiation time

Cladding axial elongation of non-burned upper cluster rod
of PWR 12 as a function of irradiation time

Cladding axial elongation of non-burned upper cluster rod of
PWR 14 as a function of irradiation time

Rod internal pressure and averaged rod power of PWR 04

as a function of irradiation time

‘Coolant temperature{TM-1) vs coolant pressure prior to

and post DNB condition ;coolant saturation temperature
and pressure are also included

Cootant temperature(T0-1) vs coolant pressure prior to
and post DNB condition;coolant saturation temperature and

pressure are also included

Drawing for top view of lower grid plate attached to

Jower cluster in which radial locations of six coolant

thermocouples are involved
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- Table 1. Fuel rod characterization.of burnout-rods

PWR19

13

10.37
8.291

10.15

Flat

. 9,500

8.366
0.567

0.447
0.250
.075

3.2 helium
1.7

PWRO4 . PWR1S

1.FUEL

1.1 Material Sintered and grounded U0,

1.2 Enrichment{%U-235} 13 .. % 13

1.3 Density(Mg/m) 10.43. 10.46

1.4 pellet diameter(mm) 8.201 8.199

1.5 petlet length(mm) 13.62 13,07

1.6 . £nd form Dished Dished
2.CLADDING ~

2.1 Matefia] Zircaloy-4

2.2 Heatiffeétheﬁt Stress feliéved

2.3 Suefaceﬁtreatment - _

2.4 Clad 0.D.{mm) 9.511 9,512

2.5 Clad 1.0.{mm) 8.365 - B.363

2.6 Clad thickness(mm) 0.573 0.575
3. ASSEMBLY h

3.1 Enriched fuel Tength(m) 0.446 0.447

3.2 Enriched fuel weight{kg}0.243 0.245

3,3 Diametral gap(mm) 0.165 0.165

3.4 Fil1l gas(MPa) 0.4 helium 1.5 helium

3.5 Measured plenum(mi) 4.1 2.3

3.6 Instrumentation PF EC

EC
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Table 2 Application of Westinghouse correlation to HBWR(Ranges of va]iaity)

Number

1.

Characteristics Correlation by Westinghouse

Geometry Circular tube, rectangular
channel and rod bundle with
uniform heat flux

Mass velocity G 0.98 x 10° ~39.0 x 106

[kg/m? h)

Pressure P [MPa] 5.52 ~19.0

L/De 21 ~ 365
Inlet enthalpy - = 690

H;, L/ke)

Local subcooling - 18 ~ 109
A Tsub [C]

Equivalent dia-  2.54 ~ 13.7

meter De [mm)]
Local heat flux q" 4.52 x 109" ~45.2 x 109
[J/m?n)

Heated to wetted 0.88 7 1.0 E

perimeter ratio.

IFA-524 in HBWR

Circular tube, pressure flask,
2 clusters with almost uniform

heat flux

15

19.0 (lower cluster
26.5 (upper cluster

1.8~ 2.5 x 108
around 40

16.9 or 23.6
4.6 x 10°

1.2
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Photo.1 Quteryiew of burned out three PWR fuel rods observed
in HBWR site compartment
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HEAT EXCHAGER

L

] UPPER CLUSTER
ﬁ A n (six fuel rods)
9 il CLAD ELONGATION
iy |SENSOR
LLL&, THERMOCOUPLE

-
—

LOWER CLUSTER
(six fuel rods)

RoD INNER
PRESSURE SENSOR|

HIGH PRESSURE
FLASK |
+{TURBINE FLOW
METER

Fig, 2 Schematic representation of high pressure rig of PUR
inyolving a various kind of instrumented fuel assemblies
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Fig. 5 .Comparison of quit éorrelation with measured data in

subcooled region

BURNQUT ANRLYSIS OF IFR-524

coolant temperature
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Fig. 6 Value of parameter F(ATsub,L/De,a) as a function of - .-
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{0 B . . _ i |

CLUSTER POWER
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0 ' o - — L — L . )
0 : -5 10

CLUSTER BURNQP (MWD/KGU)
" Fig. 88  (top) Coolant flogw rate and {bottom) lTower cluster power

as a functfon of cluster burnup in which the arrows
denote the burnup at which DNB has caused
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COCLANT TEMPERATURE
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ROD BURNUP {(MWD/KGU)

History of coglant temperature which has been measured
at (bottom) an assembly bottom;TI-1,(middle) an assembly
peak power location;TM-1, and (top] an assembly top;TO-1
where arrow denotes time of occurrence of fuel failure
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LOWER CLUSTER

Cross section of lower ciuster (bottom) and upper cluster
(top) of PWR fuel assemblies inyolving a downcomer ,six
fuel rods and six guide tubes ;loading positions foﬁurned
fuel rods{with * mark) and instrumentations attached to

are also included
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Fig. 13 (left) Detail location of instrumented coolant thermocouples

and fuel assemblies, {right) corresponding power flux under

normal operation
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400
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TiA
350+
2504
200 1 . . . . : , ,
0 1 2 3 4 5 8

IRRADIATION TIME (DAY)

Fig. 14 Coolant temperature measured at inlet position(TI})

vs irradiation time

400+

350- T™M-1

300

250+

) 200 T N T o T T T T T 1
G 1 2 3 4 5 §
IRRACIATION TIME (DRY)
Fig. 15 Coolant temperature measured at peak power position(TM-)

between lower and upper cluster vs irradiation time



’ 400}

COOLANT TEMPERATURE (DEG.C)

" COQLANT TEMPERATURE (DEG.C)

1260

3504

300+

JAERE-M. 84—009

' Fig, 16 Coolant temperatufe.measured‘at_flow outlet position
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. Fig. 17 Coolant temperatures measured at three different poéitions
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xxxBURNOUT ANALYSIS OF [FA-524: POWER HISTORY OF ROC =xx

@ = LHRiG A& = F-1B2

COOURNT FLOW RATE [L/HR!

COOLANT FLOW RATE (L/HR)

60 : - 4000
304
- 3000
20
- 2000
101
8] T T T T T T 1000
0 i 2 3 4 5 6 7
L  TRRADIRTION -TIME (DAY) -
Fig. 18 Rod averaged power of burned out PWR1S and coolant flow
rate vs irradiation time
"wxxBURNOUT ANALYSIS OF [FR-524: POWER HISTORY OF ROD wwx =
0j= LHA1A 4 = F-162 .
40~ r 4000
304
- 3000
20+
- 2000
10-
04— — i — r . — 1000
0 1 3 4 5 B 7

2
C ""IRRADIATION TIME (DAY) .
Fig. 19  Rod.averaged power of burned out PWR 18 and. coolant flow

rate ys irradiation time
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Fig. 20 Rod averaged power of nor-burned PWROS and coolant flow

- rate ys irradiation time
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wxx BURNQUT RANALYSIS OF IFH—S24:CLHDDING ELONGATION DURING BURNOUT mmxx

O = EL-3 O = EC-4 © = LHR1B
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ROD FPOWER [KW/M)

-0.6-
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-0 i 4 3 4 5 B 7
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Fig, 22 Cladding axial elongation of two burned rods and rod

averaged power of PWR18 as a function of irradiation time
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O = EC-3

CLAGOING ELUNCHTION {HM)

0 io ' 20 T 4o ’ 49
ROD AVERAGED POWER (#W/MI

Fig. 23 Cladding axial elongation of burned PWR18 as.a function of
rod averaged power
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wxx BURNOUT ANALYS!IS OF IFA-524:iCLADDING ELONGATION DURING BURNDUT »x=
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ROD RVERAGED. POMER [KW/M)

“Fig..24 Cladding axial elongation of burned PWR1% -as a function of
rod averaged power ' :
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Fig. 25 : Cladding axial elongation af two non-burned.rods and lower

cluster averaged power as a:functien of:irradiation time
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»«x BURNOUT ANALYSIS OF IFA-S24:CLADDING ELONGRTION DURING BURNOUT xxx
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0.400 1

-0.8 v T 7 - —
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RCO AVERAGED POWER (KW/M)
Fig.. 26 = Cladding axial elongation of non-burned PWRO5 as a function

of rod averaged power
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Fig. 27" Cladding ax%al elongation of non-burned PWRO6 as a function
of rod averaged power '
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Fig. 30 Comparison of averaged power between in lower cluster and
in upper cluster in which assembly power is included
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Fig. 31 Cladding axial elongations of two non-burned upper cluster
fuel rods and averaged upper cluster power as a function
of irradiation time - ' '
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Fig..32 Cladding axial elongation of non-burned upper cluster rod
of PWR 12 as a function of irradiation time
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Fig., 33 Cladding axial elongation of non-burned upper ¢luster rod of
PWR 14 as a function of irradiation time
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Fig. 34 Rod internal pressure and averaged rod power of PWR 04
as a function of irradiation time
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Photo.Z Bending of PWR18 axial direction
1s seen.
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Photo. 3 Closed up picture for burned out
region of cladding cuter surface
of PWRIZ&.
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Photo. 5 Closed up picture for burned out
region very closing to fuel top
section of PWR4 and PWR19.
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Drawing for top view of lower grid plate attached to
lower cluster in which radial locations of six coolant
thermocouples are involved



