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Overview

Fuel conductivity degradation
Cladding creep

Rod overpressure — clad lift-off
Hydraulic diameter & LOCA
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Fuel conductivity degradation
- Ultra-high burnup test -

Four UO, fuel rods irradiated to 77 M\Wd/kgUO,,

Instrumentation
expansion thermometer
rod pressure transducer

Minimise gap conductance changes
Small fuel-clad gap (100 pym)
Temperature kept below fission gas release threshold

10 bar helium to further minimise effect of fission gas
release
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Raw data: power / temperature history

Temperatures
follow power
changes

Gradually
decreasing
temperature due
to fuel depletion

Temperatures
stay well below
the FGR threshold

Rod power, kW/m

Centre temperature, "C

10 20 30 40 50 60
Rod average burnup, MWd/kg UO,,
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Temperature at 0 and high burnup

10004+
Although gap conductance 5
must have improved due to 5 800
gap closure ... % .
()
temperatures at 60 £ 600
MWd/kg UO, and 17 kW/im o
are about 160 °C higher 3
than at first start-up E 4001 //
Linear temperature/power — 0 fresh fuel .
relationship is typical of 2007 7O POMWAkaUO, &

fuel with He-filled gap 0' BT S S S '4;3

Linear heat rate (kW/m)
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Normalising temperatures to constant power

+ 3001
4 +200.

C

° 12501

—
o
o
o

Temperature
E‘ i
s &
+‘i
o
. 2.

750 r-'. o IR i 1

0 20 40 60 80
Burnup, MWd/kgUO,
At constant power, a clear trend becomes visible for all rods:

temperatures increase approximately linearly with burnup
(temperature curves are offset by 100 K for clarity)
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A =4040/(464 + a*B + (1 - 0.0032*B)*T) |

- +0.0132%%%°188 T \Wm/k
- Burnup B
| MWd/kgUO,,
44 25 3 a=16
A 72" — a=15(-10)

........... a=17 (+1 o)

Fuel thermal conductivity, W/mK

0 200 400 600 800 1000 1200 1400 160
Temperature, °C

Change of UO, thermal conductivity derived from
Halden reactor fuel temperature measurements
(see lecture on “fuel temperature” for more details)
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Cladding creep

- stress reversal experiment -

Gas lines

Investigate creep behaviour following
stress reversals, increments and
decrements, generating data for use by
fuel performance code modellers

L Quter shroud

- Pressure flask

——— Thermal shield

Test rods connected to high pressure gas
Diameter gauge system to control applied hoop stress

Outer ring of booster rods PWR |O()p f()r SyStem
(12 rods, D20 forced circulation)
pressure and temperature

Booster fuel rods for fast flux

Outer shroud

Thermal shield Contact scanning diameter

Steam annulus gauge fOr mOnitoring Change

Test rod rlas of rod outer diameter

Light water
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Background and Objectives

Clad thermal and irradiation creep affects the fuel-
clad gap

Fuel-clad gap affects thermal performance of fuel

In-pile creep data needed to validate clad creep
models in fuel performance codes for modern fuel
clad materials under variable loading conditions

Addressed in several creep studies in the Halden
reactor using different cladding alloys exposed to
BWR and PWR conditions

(How) does primary creep recur after stress change?

IAEA-ICTP 2010 m



Measurements

The diameter gauge is Diameter traces are aligned at the calibration
repeatedly run up and m===> steps and compared to the reference trace
down the rod string taken at the beginning of a stress period

-1500&....!..,.!....!....!....!....!....i
Gas line — reference diameter trace (upwards) ]
end p|ug '2000‘§ — diameter trace to be analysed
Zry-2 rod ‘25“’0”;
30004 . TP PARE }

Cal. step

.4000-; &k///f\\[\e’f)i

45001 -

mid plug

Cal. step
Zry-2 rod

Diameter (arbitrary units)

Dlam ,5000-;

gauge

-5500i'"'I""i'"‘I""i"“?“"i"".

end plug

Position (mm)
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Strain (fractional diameter change) —

Goal: for a given material determine
- primary creep increment
- secondary creep rate

Primary creep

Secondary creep

——
—— -
—
—
——
——
—

de/dt = £,

€9 = Loading strain

€. = Total creep strain
€, = Secondary creep rate

Total primary strain
Total secondary strain

KEY
€0 EF’ 3
s =
Stress
applied

Stress
removed

IAEA-ICTP 2010
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Entire set of measurements

16000

BWR6
23.7

BWR5

o o )
el < ®

(wr) qv ‘ebueyn Jeiswelq [e1o |

Full Power Hours, fph
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Secondary Creep Rate, ¢, (x10'7 hr'1)

Secondary creep rate depends on stress level and

is greater in tension than compression

—_
<
\
A
\

T

best fit with n=1 -
(tension) T
e =3.14x10°% ¢, ot

A /’//
T A \

N P best fit with n=1
K (compression)
- e, =181x10" o,

ST

A tension
20 4 60 80 i 200

Applied Hoop Stress, o, (MPa)
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+

(=]

Total Primary Strain, e; (x10™%)

--- best fit forced through origin ] -
er=1.97x10° Ac, ! Prlmary creep
D
g - Recurs with every stress
P | change
7 Depends on amount of
| stress change
/;@@5 | No difference in absolute
value between tension and
compression
T R T R R oo e o

Change in Hoop Stress, Ac, (MPa)
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Rod overpressure — clad lift-off

Excessive fission gas release and the reduction of

t
t

ne free rod volume due to fuel swelling can cause
ne rod pressure to rise beyond system pressure.

'he consequences are investigated in a Halden

Project experimental series to:

establish the overpressure leading to onset of increasing
fuel temperature

investigate the temperature response at different
overpressure levels

assess different combinations of fuel and cladding

High burnup instrumented fuel segments are used
for these investigations

IAEA-ICTP 2010



17

HBWR irradiation rig

Outlet
thermocouple

Gas line

™ Fuel
thermocouple

— Fuel rod

~ Booster rods

Inlet
thermocouple

Pressure flask

Measurement Possibilities

Fuel centreline temperature and its
change as primary clad lift-off
iIndicator

Temperature response to fill gas
change (argon versus helium)
during operation

Fission gas release by means of
gamma-spectroscopy

PCMI and fuel swelling by means of
clad elongation measurements

Hydraulic diameter

Coherence between fast response
neutron detector (power) and clad
elongation

IAEA-ICTP 2010



Power and pressure history

Average
At TF pos.

oL L :
0 1000 3000 4000

Full Power Hours

Rod power
1st cycle 15 kW/m average
2nd cycle 12 kW/m average

18
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Pressure, bar

0-Fh—m g .'
0 1000 4000

Full Power Hours

Rod pressure
Increased in steps of ca. 50 bar
maximum 470 bar

il



Response to fuel rod overpressure

780

760-
7404
7204
700-2
6801
6601

6401}

Fuel T, °C

6204 | ' | | | '
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Full Power Hours

Normalised fuel temperature
Shows clear response to level of overpressure and
direct effect of pressure step
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Summary of measurements
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o

| |
———"- Linear fit ! ,
i _ | 0]
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o | i o
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Overpressure, bar
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The rate of temperature increase is
correlated with the overpressure

The onset of thermal feedback
occurs at about 138 bar
overpressure

This represents the lift-off threshold
for the particular combination of fuel
and cladding utilised in the test

Below this threshold, any clad
creep-out is sufficiently
compensated, e.g. by fuel swelling,
such that no net thermal feedback

becomes apparent



Data evaluation (l)

Influence of conductivity
degradation corrected
according to Halden model
AT, =14 K ey Vo0 o e

) = 4040/(464 + a*B + (1 - 0.0032*B)*T)
+0.01327%%"8 T Wimik

Burnup B

MWd/kgUO,
4 25 N B —a=16

s, -———-a=15(-10)

4 i 2 =17 (+1 )

3 s0s ™

Fuel thermal conductivity, W/mK

75 R SR T

egrad

Cladding creep based on
evaluation of clad creep test

and Franklin’s model
0.33 0.579

Tohtal;diamgter chan&ge (um)
B

AD,, =017Txf " x e =40y

creep

elongation

Fuel swelling according to
measurements in lift-off
experiment

AD

Permanent--
L ?Ionqgtion

— 9 I"lm B8 55 56

Burnup, MWd/kgUO,

Clad Elongation, mm
o = N W ks 000

swell
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Data evaluation (ll)

About 60K of the observed tempera-
ture increase can be attributed to the
combined effect of increasing space
in the fuel and thermal conductivity
degradation (14K)

The Halden Project’s thermal analy- ¢ s,
sis code calculates a 60K tempera- s '

ture increase when the gap size is
increased by 28um

780

|

7401

604y

6601 '

620

0

50 1000 1500 2000 2500 3000 3500 4000 4500
Full Power Hours

This is close to the evaluated effective increase of 31 ym which is the
difference between clad creep-out and fuel swelling

The analysis confirms that the observed temperature change is

reasonable

The model for cladding creep plays a critical role in the analysis

Different cladding types will exhibit individual sensitivities to lift-off

IAEA-ICTP 2010
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Noise data - PCMI

Coherence ND - EA1

L0 A A The coherence between power (fast
71%- response neutron detector) and clad
F o @ Mg % AN elongation increases slightly until the
Ot {LE TXTTTTT maximum overpressure is applied
IR 1ERN 1NN ERE
5'%*@- CHE M T Then, it drops gradually until the end
-::::::::::ﬁ:’. Y
At T H ofirradiation
3@_ Significance of coherence value:
T e pomtes
“0 1500 3000 4500 >0.20 > PCMI developed
Full Power Hours Noise analysis supports the conclu-

sion derived from steady state data
that considerable fuel-clad contact is
maintained also in the state of lift-off

23 IAEA-ICTP 2010 Ej

Coherence between rod power
and cladding elongation
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Modelling of clad lift-off

Modelling must take into account and calculate:
Instantaneous cladding distension (elastic, primarily in experiment)

Primary and secondary creep of the cladding (response to both
pressure steps and gradual pressure increase)

Fuel swelling

Relocation/redistribution of fuel fragments into available space as
cladding creeps outwards

Resulting temperature response
Fission gas release

Different types of measurement indicate that pellets and cladding
keep contact and that the pellet fragments follow clad creep-out
by swelling and relocation

A fuel model where (solid) pellet and cladding are separated by a
gap will have problems to explain all of the observations in a

satisfactory way
IAEA-ICTP 2010 Ej
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Hydraulic diameter & LOCA

In a Loss-of-Coolant Accident (LOCA), the fuel rod
balloons (and ruptures) for T > 750-800 °C

The ballooning process is driven by the supply of
gas from the fuel rod plenum

However, the fuel column is a restriction between
plenum and balloon and impedes axial gas
transport

The effect of restricted axial gas transport was
investigated in the "70s using fresh or low burnup
fuel

It was found that gas supply is still sufficient under
the investigated conditions

But what about high burnup, bonded fuel?

IAEA-ICTP 2010
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Three LOCA tests with high burnup fuel
- observations — visual inspection -

3. High burnup fuel (82 MWd/kg),
clad failure by a small crack;
relatively fast pressure drop

4. High burnup fuel (92 MWd/kg),
ballooning, rupture and
instantaneous loss of pressure

5. High burnup fuel (83 MWd/kg),
small ballooning, rupture and
very slow loss of pressure

IAEA-ICTP 2010
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PRESSURE (bar)

o0
o

Pressure drop measurements

8
o
I

N
(-
1

20+

3 run 3 |

4 run 4 .

5 run 5 T

5 -
\\ !

i l

. L 3‘—\%*_;

10 0 10 20 30 40 50 60 70 80 90

SECONDS (burst at t=0)
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Test #5 - cladding distension

13

12,5

12 +

11,5

11

diameter, mm

aX|aI Iength cm.

10,5 T T T T T T T T

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61

Strong contact at the upper half of the fuel
segment impeded axial gas flow in test 5

IAEA-ICTP 2010 m
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DH

Hydraulic diameter measurements

250

0021 * 77 ‘ L * R ‘ T ¢ n _ 9 T gffélﬁ'f;éfﬁvghmoﬁk\éﬁ/
=4 > 5 5200-r initial gap _
E'D'(p1 _pz) 3 10ps,
% 1001 " $\o\f’
D = mean fuel diameter N RESY Y
D,, = hydraulic diameter Tob L Bumu(MWdkgUO)

. 0 10 20 30 40 50 60
P, = gas pressure — supply side
(high pressure = rod pressure) 4o . | ,

: MR SRR = o
p2 - gaS pressure - return Slde g 35_5_ _____________Ef_____________ﬂi —i)— 1002 fEh =
(low pressure = rig pressure) N 5—;:— 1980 foh

= ':' N~ — X — 2300 foh B

Ha = Hagen number £ e o~ T 0 — sopn
L . 8 F s . '

n = dynamic viscosity © DO - Nte N !

= s i |

L = flow channel length o e -

. I F i i |
= 10—
R = universal gas constant : L 0 p s 2

T = gas temperature

IAEA-ICTP 2010
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DIAMETER (um) & PRESSURE (bar)

Application to LOCA experiment #5

70 rhermrererbrrererbrren b e rehrrrererrbrerrrereerrrererbrrererberrerc e +.035
I —D— HYDRAULIC DIAVMETER |
607 —P— DIFFERENTIAL PRESSURE 1-03
: —F— GASFLOW | :
50+ ; 1025 3

40+
30+
20

104

-4_.--.-1-D.

+.02
-.015
+.01

+.005

20 30 40 50 60 70 80
TIME (seconds from burst)

IAEA-ICTP 2010

90

100

110

+0
120

GAS FLOW RATE (g/s)

&



31

Considerations for LOCA calculations

The “plug” of fuel at the upper end of the test segment limits the
availability of high pressure gas for driving the ballooning. A full
length fuel rod will exhibit a similar behaviour since there will be an
axial temperature gradient because of the pre-transient power
distribution and the heat losses from the core periphery. Two
implications should be considered:

The ability to supply sufficient gas for driving the ballooning.
Starting with pressure equilibrium between plenum and fuel
stack, a pressure difference for driving the gas flow will occur
due to increasing volume. This difference is initially much
smaller than the strong difference immediately after failure. Thus
gas flow will also be small.

The driving force for axial fuel relocation is more limited when it
is mainly derived from the flow of locally available gas.

The equations for gas flow and hydraulic diameter provide a simple
way to approximate the effect in LOCA code calculations.

IAEA-ICTP 2010 w






