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SSM perspective 

Background 
Loss of Coolant Accidents (LOCA) are among the most demanding ac
cidents that can happen in a Light Water Reactor (LWR). The lack of 
cooling and the drop in pressure impose large stresses on the nuclear 
fuel which would increase the risk of fuel rod damage and the subse
quent release of active material. But LOCA is also an accident that the 
nuclear power plant is designed to withstand with a limited release of ra
dioactivity to the surroundings. Limitations shall be put upon the use of 
the nuclear fuel, that the reactor core constitutes of, such that the core 
can go through a LOCA without giving rise to an accelerating amount of 
damage, spread of active material within the power plant and its person
nel nor spread of radioactivity to the environment. 

Resent research has shown that nuclear fuel that has been irradiated 
to a high burnup can fail at lower temperatures than as prescribed by 
current design criteria. Ballooning and rupture of the cladding tube can 
occur at temperatures around 800 °C instead of the stipulated 1200 °C 
and the damage can result in a movement of the fissile material inside 
the cladding tube and release through the rupture. 

The research is performed as tests in research reactors and institutes 
around the world, the Halden research reactor is one example. The tests 
need to be analyzed in order to understand the phenomena acting on 
the materials; i.e. how the cladding expands, in what way the fissile fuel 
pellets crack and move, and what makes the cladding to finally break. 
This understanding will hopefully make it possible to use the fuel to a 
higher burnup in a safe way. 

Objectives 
The objective for SSM in this project is to interpret the test and to im
plement the observed behavior of the nuclear fuel in analytical tools. 

Results 
The analytical tools, which are fuel rod computer codes, that Quan
tum Technologies AB use and develop, contain models of several of the 
phenomena that are acting on the nuclear fuel (cladding temperature, 
fission gas driven pressure, strain and stress in the cladding, rod rup
ture, etc.) and how the separate effects interact in the complex integra
ted manner. The codes are under constant development and need to be 
compared with actual tests. In this report simulations of three tests in 
Halden (IFA-650.2,3 and 4) are described. 

Although it is difficult to model complex accident scenarios, the results 
obtained by Quantum Technologies AB show that it can be achieved. 
The codes and models can reasonably calculate cladding temperature, 
strain and diameter increase as a function of time, and finally estimate 
the position of cladding rupture. 
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Need for further research 
In the future, more tests on nuclear fuel in LOCA conditions will be 
performed and to some extent code development will determine which 
aspects need to be further tested. The tests will form a base for the co
des and model development around the world. When sufficiently many 
tests have been performed it will be possible to develop codes that with 
high confidence predict the behavior of the materials in the reactor 
core during a LOCA. 

Project information 
Contact person SSM: Jan In de Betou 
Reference: SSM2012/510 
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Abstract 

The Halden reactor fuel rod loss-of-coolant accident (LOCA) tests, IFA-650 series 2, 3, and 
4, are evaluated using two versions of the computer code FRAPTRAN-1.4. The test sample 
IFA-650.2 was a fresh fuel rod, that is unirradiated, with pressurized water reactor (PWR) 
rod characteristics, while IFA-650.3 and IFA-650.4 sample rods were refabricated from fuel 
rods irradiated in a PWR to rod burnups of 82 and 92 MWd/kgU, respectively. All the rods 
failed during the LOCA tests at temperatures around and below 800◦C by fuel cladding 
burst. The results of our computer calculations are compared with measured data for the 
following parameters: (i) Cladding temperature as a function of time; (ii) Cladding diameter 
at rupture versus axial position of the rod; (iii) Fuel rod pressure as a function of time; (iv) 
Peak cladding temperature at rupture; and (v) Maximum cladding oxide layer thickness 
after LOCA transient (test 2). The agreement between calculations and measurements and 
between the two versions of the utilized code are satisfactory. The report offers descriptions 
of the tests, the computer codes, the computations and a summary of the results. 
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Sammanfattning 

Bränslestavprover under LOCA förhållanden i Halden reaktorn, IFA-650 seriens prov 2, 3, 
och 4, utvärderas med två olika versioner av datorprogrammet FRAPTRAN-1.4. Provob
jektet vid IFA-650.2 var en färsk bränslestav, dvs. i obestrålat tillstånd, med stavegenskaper 
karakteristiska för tryckvattenreaktor (PWR) bränsle. Experimentstavarna för proven IFA
650.3 och IFA-650.4 tillverkades från bränslestavar, förbestrålade i en PWR, till en stavut
bränning av 82 MWd/kgU för det första provet och 92 MWd/kgU för det andra. Alla 
tre bränslestavar havererade under LOCA proven vid temperaturer omkring eller under 
800◦C, genom kapslingsbrott. Resultaten från våra datorberäkningar jämförs med mätdata 
för följande parametrar: (i) kapslingstemperatur som funktion av tid; (ii) bränslestavtryck 
som funktion av tid; (iii) kapslingsdiameter vid brott längs staven; (iv) maximal kapsling
stemperatur vid brott; och (v) maximal oxidtjocklek efter LOCA transienten (prov 2). Öv
erensstämmelsen mellan beräkningar och mätningar samt mellan de två olika versionerna 
av beräkningsprogrammet är tillfredsställande. I rapporten ges beskrivningar av de olika 
proven, datorprogrammen, beräkningarna och en sammanfattning av resultaten. 
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1 Introduction 

Loss of coolant accidents are postulated reactor accidents that are caused by the loss of re
actor coolant at a rate in excess of the capability of the reactor coolant makeup system from 
breaks in the reactor coolant pressure boundary, including a break equivalent in size to the 
double-ended rupture of the largest pipe of the reactor coolant system (USNRC 2011). As 
a result of LOCA fuel cladding temperature rises well beyond the normal operating con
dition (� 580 K) while the coolant pressure can drop below the fuel rod internal pressure, 
leading to cladding expansion and eventual failure. There are two principal mechanisms for 
cladding failure, namely, excessive oxidation of zirconium alloy cladding tube and exces
sive outward deformation (ballooning) due to creep mechanism. The two mechanisms act 
in parallel until cladding tube bursts. Fuel cladding is considered as the first line of defense 
that provides a barrier to the release of fission products to the surrounding environment. A 
recent review of the literature on cladding failure under reactor accidents including LOCA 
can be found in (Alam, Khan, Pathak, Ravi, Singh, and Gupta 2011). 

The appraisal of the consequences of LOCA, regarding the fuel system, is to a great ex
tent based on computations performed with computer codes simulating the involved phe
nomena. To validate these computer codes, and the models used therein, appropriate inte
gral fuel rod tests under LOCA conditions are needed. The IFA-650 test series, performed 
within the OECD Halden Reactor Project at Halden, Norway, are especially designed for 
this purpose. The IFA-650 series comprise both fresh fuel rods (tests 1 and 2) and high bur
nup rods which were irradiated in commercial pressurized water reactors or PWRs (tests 
3 and 4). The conditions for the tests were planned to satisfy the following objectives (Ek 
2005a): (i) to maximize the ballooning of the cladding to enhance fuel pellet relocation 
and examine its consequence on cladding temperature and oxidation; (ii) to investigate the 
extent of “secondary transient hydriding” on the cladding inner side around the burst re
gion. Fuel relocation occurs due to an opening of, or an increase in pellet-cladding gap 
and possible quivering of the fuel rod due to burst. Secondary transient hydriding refers 
to zirconium-steam reaction at the inner side of the cladding, upon cladding burst, which 
releases hydrogen gas, a portion of which is absorbed by the cladding, building zirconium 
hydride with brittling effect. 

Here, we have used the FRAPTRAN computer code (Geelhood, Luscher, and Beyer 2011b) 
to evaluate three of the tests in the IFA-650 series, namely, tests 2, 3 and 4 (Ek 2005a; 
Ek 2005c; Ek 2005b; Kekkonen 2007). The results of our computations are compared 
with measured data for the following parameters: (i) Cladding temperature as a function 
of time; (ii) Fuel rod pressure as a function of time; (iii) Cladding diameter at rupture 
versus axial position of rod; (iv) Peak cladding temperature at rupture; and (v) Maxi
mum outer surface cladding oxide layer thickness after LOCA transient (test 2). Two 
versions of FRAPTRAN-1.4 was used in our evaluations for the sake of benchmark
ing; namely FRAPTRAN-QT1.4b (Jernkvist 2010) adapted in Quantum Technologies 
and FRAPTRAN-GENFLO developed by Technical Research Centre of Finland (VTT), 
which connects FRAPTRAN-1.4 with the thermal-hydraulic program GENFLO (Miettinen 
and Hämäläinen 2002). Even in the FRAPTRAN-QT1.4b computations of the IFA-650 
tests, we have used the thermal-hydraulic boundary conditions calculated by FRAPTRAN
GENFLO. That is, we have employed the FRAPTRAN-GENFLO calculated time variations 
of the coolant pressure and cladding outer surface temperatures as prescribed boundary 
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conditions in FRAPTRAN-QT1.4b. 

The FRAPTRAN-QT1.4b code has recently been verified (Manngård, Jernkvist, and Mas
sih 2011) against high temperature cladding burst data obtained from the REBEKA LOCA 
experiments (Erbacher, Neitzel, and Wiehr 1990). The IFA-650.2 test has also been previ
ously analyzed by us using different versions of the FRAPTRAN code (Manngård 2011). 
These calculations were performed with the standard (default) input option for plenum 
temperature, whereas the plenum temperature in the current analyses of the IFA-650 tests 
is either based on GENFLO calculations or derived from measured quantities. The standard 
option overestimates the plenum temperature in the Halden IFA-650 type test fuel rods, 
thereby leading to an overestimation of the rod gas pressure during the heat-up phase of 
LOCA transient (Geelhood, Luscher, and Beyer 2011c). The FRAPTRAN-QT1.4b cal
culations of REBEKA tests (Manngård, Jernkvist, and Massih 2011) and those performed 
within the aforementioned IFA-650.2 analysis (Manngård 2011) used the stress-base failure 
criterion by (Erbacher, Neitzel, Rosinger, Schmidt, and Wiehr 1982), whereas the average 
(best-estimate) stress-base criterion by (Rosinger 1984) is applied for the IFA-650 tests in 
the present work. 

The report is organized as follows. Section 2 provides brief descriptions of the Halden IFA
650 tests considered in our evaluation. Here, we also include fuel rod design data, used as 
input to the codes, and a summary of the main results of the experiments. The versions of 
the employed computer codes are briefly described in section 3. The fuel rod calculations 
of the tests are presented in section 4, in which also the results of the calculations are 
compared with measured values. Input options to the codes are specified in Appendix A. 
Finally in section 5, we end the report by making some concluding remarks. 

Halden IFA-650 experiments 

The Halden IFA-650 series of tests refer to fuel rod experiments performed in the Halden 
boiling heavy-water reactor (HBWR) under simulated loss-of-coolant accident (LOCA) 
conditions. The test fuel rods used in experiments 2, 3 and 4, which are analyzed in this 
report, are described briefly in the sequel. The data for these test rods are summarized in 
table 1. A schematic drawing of the IFA-650 test rig is shown in figure 1. The test rod is 
placed in the center of the rig and surrounded by an electrical heater inside the flask. The 
heater is part of a flow separator, which separates the space into a central channel adjacent 
the fuel rod and an outer annulus. The heater was used to simulate the isothermal boundary 
conditions, i.e. the heat dissipated from the nearby fuel rods during a LOCA. Cladding tem
perature is affected by both the fuel rod and the heater power. The rod power is controlled 
by varying the reactor power. The inner/outer diameters of the heater and pressure flask are 
20/26.2 mm and 34/40 mm, respectively. The IFA-650 test rig instrumentation for the ac
tual tests consisted of 2-4 cladding surface thermocouples, a fuel rod elongation detector, a 
fuel rod pressure transducer, two fast response cobalt neutron detectors and three vanadium 
neutron detectors, two heater surface thermocouples and coolant thermocouples at the inlet 
and the outlet of the rig. Test 3 and 4 were also equipped with thermocouples at the axial 
level of the rod upper plenum volumes. Certain thermocouples (TCC) and their axial lo
cations are summarized in table 2. The fuel pressure transducer (PF1) is connected to the 
top part of the test fuel rod. The temperature of the heater is measured by two embedded 
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thermocouples located axially at either side of the fuel stack at mid-level.
 

Electric heater

Heater cables ��Fuel rod

Pressure flask��
Figure 1: Schematic drawing of the IFA-650 test rig cross sections. 

2.1 IFA-650.2 

In the second experiment of this series, IFA-650.2 (Ek 2005a; Ek 2005c), a fresh (unirradi
ated) PWR UO2 fuel rod (17 × 17 fuel assembly) with low-tin Zircaloy-4 cladding having 
outer diameter and wall thickness of 9.5 mm and 0.57 mm, respectively, was tested. The 
active length of the test fuel rod was 500 mm. The data for the rod in the IFA-650.2 ex
periment are summarized in table 1. The rod was pre-pressurized with helium to 4 MPa at 
room temperature. The IFA-650.2 test rig design and instrumentation are described in (Ek 
2005a). 

In the IFA-650.2 test, the LOCA simulation was initiated by a blowdown phase, during 
which the pressure in the coolant channel decreased from 7.0 to 0.4 MPa in about 35 sec-
onds. After the blowdown, the heat-up period of the LOCA was simulated by turning on the 
electrical heater. The heater power was held at a constant value of 1.8 kW/m. Furthermore, 
during the test, the rod was kept at a small constant average nuclear power of 2.3 kW/m to 
provide suitable conditions for cladding deformation (ballooning) and oxidation. The axial 
rod power distribution produced by nuclear heating was roughly sinusoidal with a peaking 
factor of about 1.06 at the half-height position of fuel stack. During the heat-up phase the 
cladding was subjected to a temperature rise from 215 to 1050◦C in about 200 seconds. 
Cladding rupture was detected inter alia by the cladding thermocouple and elongation (rod 
length change) signals at about 800◦C, i.e. at about 100 s after initiation of the blowdown. 
The average cladding heating rate up to the instant of rupture was about 8.5◦Cs−1. A retar
dation of the heating rate (to around 5◦Cs−1) was observed in the cladding thermocouple 
temperature recordings just before the occurrence of rupture (rod failure). Post-test visual 
examination of the rod revealed that the fuel cladding had ruptured by an axial crack at the 
fuel rod peak power position. The average hoop strain prior to burst, obtained by measuring 
the diameter increase close to the burst opening was in the range of 35-40%. Over an axial 
distance of about 300 mm, including the burst area, the rod showed a noncircular diameter 
increase (Ek 2005a). The results obtained from IFA-650.2 are summarized in table 3. 
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Table 1: IFA-650 test rod data. Numerical values are those of the as-fabricated ones except 
burnup, cladding outer oxide layer thickness and cladding hydrogen content. 
Test number 2 3 4
 
PELLET: 
Material UO2 UO2 UO2 

Diameter mm 8.29 9.132∗ 9.13 
Length mm 8 11 11 
Dishing both ends both ends both ends 
Dish depth mm 0.20 0.28 0.25 
Land width mm 1.15 1.2 0.6 
Density (UO2) % of TD 95 94.8 95.2 
U-235 enrichment in UO2 wt.% 2 3.5 3.5 
CLADDING: 
Material Low-tin† DX ELS0.8b‡ DX Zr2.5Nb# 

Zircaloy-4 
State . . . SRA♭ SRA 
Outer diameter mm 9.5 10.735∗ 10.75 
Wall thickness mm 0.57 0.721 0.725 
Outer oxide layer µm . . . 24/27 10/11 
thickness (mean/max) 
Hydrogen content ppm . . . 250 50 
FUEL ROD: 
Burnup MWd/kgU 0 (fresh fuel) 81.9 92.3 
Active length mm 500 480 480 
Total length of test rod mm 1040 985 985 
Radial pellet-clad gap mm 0.035 0.0805∗ 0.085 
Plenum volume cm3 15 21 21.5 
Fill gas He only 95%He+5%Ar 95%He+5%Ar 
Fill pressure MPa 4.0 4.0 4.0 
Fabrication temperature ◦C 25 25 25 

* Actual value instead of nominal (unirradiated condition). † “Low-tin” refers to Sn content in the lower part 
of the range specified for Zircaloy-4 (1.2-1.7 wt.% Sn) according to ASTM R60804 specification. ‡ Zircaloy
4 cladding with 100 µm thick outer layer of Zr alloy with reduced tin content (0.8 wt.% Sn) relative to the 
base material. (DX=Duplex, i.e. dual-layer material, ELS=Extra Low Sn) # Zircaloy-4 cladding with 150 µm 
thick outer layer of Zr alloy with 2.5 wt.% Nb. ♭SRA = stress relief anneal. 

2.2 IFA-650.3 

In test three, IFA-650.3 (Ek 2005b), an irradiated PWR UO2 fuel rod with Zircaloy-4 base 
duplex (double layer) cladding (16 × 16 fuel assembly) with outer diameter and wall thick
ness of 10.735 mm and 0.721 mm, respectively, was tested. The outer cladding layer with a 
thickness 0.15 mm had a reduced tin content relative to the base material (0.84 wt.% versus 
1.48 wt.%). The test rod was re-fabricated from a section taken between the second and 
third spacer grid of a full-length rod pre-irradiated in a commercial PWR to a rod burnup 
of 82 MWd/kgU. The active length of the re-fabricated test fuel rod was 480 mm. The base 
irradiation of the full-length rod comprised 6 reactor cycles corresponding to 1994 effective 
full power days (EFPD). The cycle average base power history is depicted in figure 2. The 
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Table 2: Axial positions (in mm) of thermocouples (TCC) used in the IFA-650 test rigs. 
The axial positions are relative to the fuel stack bottom end. 

Test number 2 3 4 
Thermocouples: 

cladding 

coolant/channel 
plenum gas 

100 (TCC1) 
400 (TCC2) 
400 (TCC3) 
400 (TCC4) 
. . . 
. . . 

100 (TCC1) 
400 (TCC2) 
. . . 
400 (TCC4) 
570 (TCC3) 
. . . 

400 (TCC1) 
400 (TCC2) 
. . . 
. . . 
670 (TCC4) 
678 (TCC3) 

average linear power densities during the cycles were 37.0, 27.5, 21.5, 19.5, 18.0 and 18.0 
kW/m, respectively. The data for the rod used in the IFA-650.3 experiment are summarized 
in table 1. The IFA-650.3 test rig design and instrumentation are described in (Ek 2005b). 
The test rod was filled with a gas mixture consisting of 95 vol.% argon and 5 vol.% helium 
to a pressure of 4 MPa at room temperature. Argon was selected to mimic the fission prod
uct gases, while a small amount of helium was needed to leak test the rod. The rod plenum 
volume (free gas volume) was made sufficiently large in order to maintain stable pressure 
conditions until cladding burst. 

At initiation of the heat-up phase, the heater power was turned on to a preset value of 
1.5 kW/m which was reduced stepwise when approaching the target cladding temperature 
for the test (800◦C). The final heater power at target was 0.7 kW/m. The fuel rod was 
kept at an average constant nuclear power of about 1.0 kW/m. The axial rod power profile 
was symmetric and slightly peaked in the middle (axial peak to average power ratio was 
� 1.04; see figure 3). The intent cladding temperature of 800◦C was attained at about 300 
s after blowdown, and the hold time at the maximum temperature to reactor scram was � 5 
minutes. Cladding failure occurred � 266 s after the blowdown at � 780◦C as indicated 
by rod elongation, pressure and cladding temperature measurements as well as the gamma 
ray monitor on the blowdown line to the dump tank. The average temperature increase rate 
prior to the burst was 2.5◦Cs−1. Halden experimenters cooled the test rod by spraying (with 
water) after the cladding burst. The test was terminated by a reactor scram. 

Cladding failure in the IFA-650.3 experiment was detected by a first fast drop in the rod 
pressure signal (PF1 recording) at 266-267 s (after the initiation of the blowdown) which 
was followed by a gradual decrease in pressure. Figure 4 shows the evolution of rod pres
sure after the start of the blowdown phase. The rod pressure signal from the test shows a 
peak of 7.3 MPa between 245-250 s after blowdown. The average rod pressure from blow
down to the point of rupture is roughly 6.6 MPa. After cladding rupture, and after first fast 
pressure drop, the rod pressure fell rather slowly indicating that the rod failed by a relatively 
small crack rather than by a large burst. It took over one minute for the rod pressure to fall 
below 1 MPa after the instant of rupture. At this point (1 MPa) the expansion of the pressure 
bellows was mechanically stopped, thereby terminating the rod pressure measurement. The 
pressure signal stabilized at a constant level of 0.8 MPa. In effect the rod pressure continues 
to fall down to the rig pressure of about 0.4 MPa. A summary of IFA-650.3 test results is 
given in table 3. 
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Table 3: Summary of measured results from the considered IFA-650 tests.
 
Test number 2 3 4 
Time to rupture after start of blowdown, s 99 267 336 
Axial locationa of rupture, mm 195-230 100 175-249 
Axial length of rupture (crack), mm 35 . . . 74 
Max. lateral width of crack opening, mm 20 . . . 8 
Av. rod pressure from blowdown to rupture, MPa 6.6b 6.6b 6.5b 

Rod pressure at rupture, MPa 5.6b 7.1b 7.1b 

Cladding diameter increasec close to rupture area, % 35-40 . . . 35-40 
Max. cladding diameter increased in rupture area, % 90 <10 65 
Cladding-heater mechanical interference at rupture 
(Yes/No) . . . No Yes 

Cladding temperature at start of heat-up, ◦C 220 200 190 

Cladding temperature at rupture, ◦C 800 780 785 
Av. cladding temperature increase rate 

during heat-up until rupture, ◦Cs−1 8.5 2.5 2.0 

Typical cladding azimuthal temperature variation 
during heat-up until rupture, ◦C 5f . . . . . . 

Max. measured cladding temperature: 
upper thermocouple position, ◦C 1036 822 785 
lower thermocouple position, ◦C 1091 837 . . . 

Cladding inner/outer surface oxide layer, µm 40-50 . . . 2-3/10-13 
a bFrom bottom end of fuel stack. To obtain the differential pressure across the cladding wall, the rod 

cpressure value shall be subtracted by the coolant channel pressure (0.4 MPa) after blowdown. Estimated 
from measured diameter increase ∆D with respect to initial cladding outer diameter D0 by ∆D/D0×100%. 
d Estimated from measurements of circumferential length L of fractured cladding. The diameter increase 
is obtained by relating L with initial cladding circumference L0 by L/L0×100%. f Estimated from upper 
thermocouple measurements (TCC2,-3 and -4). 

2.3 IFA-650.4 

In test four, IFA-650.4 (Kekkonen 2007), an irradiated PWR UO2 fuel rod with Zircaloy
4 base duplex cladding with outer diameter and wall thickness of 10.75 mm and 0.725 
mm, respectively, was tested. The original fuel rod was of the same design as that of the 
aforementioned IFA-650.3. The test rod was re-fabricated from a section taken between the 
fifth and sixth spacer grids of a full-length rod pre-irradiated in a commercial PWR to a rod 
burnup of 92 MWd/kgU. The active length of the re-fabricated fuel rod was 480 mm. The 
base irradiation of the full-length rod comprised 7 cycles corresponding to 2305 effective 
full power days. The cycle average base power history is depicted in figure 2. The average 
linear power densities during the cycles were 33.5, 27.5, 30.0, 19.0, 18.0, 17.0 and 16.0 
kW/m, respectively. The data for the rod used in the IFA-650.4 experiment are summarized 
in table 1. The IFA-650.4 test rig design and instrumentation are described in (Kekkonen 
2007). The test rod was filled with a gas mixture consisting of 95 vol.% argon and 5 vol.% 
helium to a pressure of 4 MPa at room temperature. Argon was used to mimic the fission 
product gases, while a small amount of helium was needed to leak test the rod. The rod 
plenum volume (free gas volume) was made sufficiently large in order to maintain stable 
pressure conditions until cladding burst. 
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At the start of the blowdown the linear heat generation rate of the fuel rod was 0.93 kW/m 
and that of the heater 1.5 kW/m. Taking into account the excess decay heat, the fuel linear 
heat rate was close to 1.0 kW/m. The heater power was kept constant during the heat-up 
stage. The axial rod power profile was symmetric and slightly peaked in the middle (axial 
peak to average power ratio was � 1.05; see figure 3). After blowdown, the intent cladding 
temperature of 800◦C was attained, and the hold time was � 5 minutes (from burst to 
scram). Cladding failure occurred � 366 s after blowdown at � 785◦C as indicated by 
rod elongation, pressure and cladding temperature measurements as well as the gamma ray 
monitor on the blowdown line to the dump tank. The average temperature increase rate 
prior to the burst was 2.0◦Cs−1. The test rod was cooled by spraying (with water) after the 
cladding burst. The test was terminated by a reactor scram. 

Cladding began to deform when the rod pressure reached a peak value of about 7.1 MPa, 
� 265 − 270 s after blowdown. Then it slowly declined to 5.1 MPa at around 366 s. A large 
ballooning of cladding was verified with gamma scanning after the test. A rapid drop in 
pressure, indicating burst started at 366 s, where the rod pressure was dropped in 2 s from 
5.1 MPa to 0.8 MPa. At this point the expansion of the pressure bellows was mechanically 
stopped, so that the pressure signal levelled off at about 0.8 MPa, although in reality the 
pressure would still keep falling until it would reach the rig pressure level 0.4 MPa. Figure 
5 shows the rod internal pressure versus time after the blowdown. Various stages of the test 
(ballooning, burst, spraying, and scram) are also demarcated in this figure. A summary of 
IFA-650.3 test results is given in table 3. Spraying of the rod started 230 seconds after the 
burst. The first spray pulse was longer 12 s (0.5 s pulses every 20 seconds) and the cooling 
effect of the spray was seen upon temperature drop on the cladding from thermocouples. 
The heater power was kept constant throughout the test and reduced once at about 150 s 
after the burst. The heater was switched off 35 s after starting the spray. Shortly after (15 
s), the test was terminated by a reactor scram. At the end of the cooling period one longer 
spray pulse was applied to enhance the cooling. After the test was ended, the rig was filled 
with helium. 

One important feature of the IFA-650.4 test was an occurrence of fuel relocation during the 
test. More specifically, as a consequence of cladding ballooning and burst in IFA-650.4, fuel 
pellets from the upper portion of fuel column stack dropped into the ballooned region. It 
was observed (Kekkonen 2007) that about 190 mm of the original pellet stack was missing 
from the top part of the fuel column, which had dropped to the 60 mm long ballooned 
region at the mid-height of the rod, i.e., between an elevation of � 1190 mm and � 1250 
mm. In the ballooned region, the rod diameter had uniformly increased by � 50% from the 
original value. Moreover, it was observed that some fuel pellets had moved out of fuel rod 
through the opening in the cladding, confirming that cladding burst had occurred. 
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Figure 2: Cycle average base power history experienced by IFA-650.3/4 test fuel rods in a 
PWR. Linear heat generation rate versus reactor cycle (Ek 2005b; Kekkonen 2007). 
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Figure 3: Axial power distributions produced by nuclear fission in the IFA-650.3/4 test fuel 
rods in the Halden reactor. Axial elevation versus normalized linear heat generation rate, 
adapted from (Ek 2005b; Kekkonen 2007). The lower end of the fuel stack is located at the 
axial elevation of 0.9 m. 
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Figure 5: Measured rod pressure versus the time after the start of blowdown for IFA-650.4 
rod in the Halden reactor, adapted from (Kekkonen 2007). 
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3 Computer codes 

For the analysis of the Halden experiments considered in this report, we have utilized two 
variants of the computer program FRAPTRAN-1.4, namely, (i) FRAPTRAN-QT1.4b 
comprising an implementation of the model presented in (Manngård and Massih 2011) in 
FRAPTRAN-1.4, and (ii) FRAPTRAN-GENFLO developed by Technical Research Centre 
of Finland (VTT), which connects FRAPTRAN-1.4 with the thermal-hydraulic program 
GENFLO (Miettinen and Hämäläinen 2002). Brief descriptions of these codes and appro
priate references to their detailed accounts are given below. 

The code FRAPTRAN (Fuel Rod Analysis Program Transient) simulates the light water 
reactor fuel thermal-mechanical behaviour when power and/or the coolant boundary con
ditions are rapidly changing (Geelhood, Luscher, and Beyer 2011b). More specifically, the 
code computes fuel rod attributes, such as fuel and cladding temperatures, cladding elastic 
and plastic strains, cladding stresses, fuel rod internal gas pressure, etc. as a function of irra
diation time. FRAPTRAN affords a best-estimate code for analysis of fuel response to pos
tulated accidents such as LOCA and interpreting experiments simulating such accidents. 
The FRAPTRAN-1.4 code assessment, that is, comparison between code computations 
and data from selected integral irradiation experiments and post-irradiation examination 
programs is documented by (Geelhood, Luscher, and Beyer 2011c). The standard models 
and modelling options available in FRAPTRAN-1.4 are described in (Geelhood, Luscher, 
and Beyer 2011b). The models implemented in the version 1.4 of FRAPTRAN can be used 
with the finite element based solution module of the code developed by (Knuutila 2006). 
Fuel rod variables that are slowly varying with time (burnup), such as fuel densification and 
swelling, and cladding irradiation creep and growth, are not calculated by FRAPTRAN. But, 
the state of the fuel rod at the time of a transient, which depends on those variables can be 
read from a file generated by the companion steady-state code FRAPCON-3.4 (Geelhood, 
Luscher, and Beyer 2011a). 

The FRAPTRAN-QT1.4b computational method is similar to that described in (Manngård 
and Massih 2011) with some extensions, modifications and adaption to an integral fuel 
rod modelling code (Jernkvist 2010). The main quantities calculated by the method are (i) 
oxygen parameters, which can be either the oxygen concentration picked up by the cladding 
during the oxidation process, the oxide layer thickness, or the oxygen concentration in 
the cladding metal layer; (ii) the volume fractions of the a-Zr and /-Zr during the phase 
transformation; (iii) the cladding hoop strain due to creep; and (iv) a cladding burst stress 
criterion. All these quantities are coupled through a set of kinetic (differential) equations 
and the burst criterion, which are solved numerically. The FRAPTRAN-QT1.4b models 
are used with the aforementioned finite element solver of FRAPTRAN-1.4. 

The FRAPTRAN-GENFLO code is a coupled reactor core thermal-hydraulic and fuel rod 
analysis package. GENFLO simulates the thermal-hydraulic behaviour of a fluid channel 
(surrounding a fuel rod) during LOCA conditions (Miettinen and Hämäläinen 2002). It 
includes models for reflooding and radiation heat transfer from fuel rod to the subchannel. 
GENFLO solves the coolant mass, momentum and energy conservation equations. It also 
computes the axial distributions of the fluid temperature and the fluid void fraction. The 
resulting fluid temperatures and heat transfer coefficients at each axial level for each time 
step are supplied to FRAPTRAN, which calculates temperatures and deformation of the 
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fuel pellets and cladding, including possible ballooning, see figure 6. The fuel specific 
computations are made by FRAPTRAN and the coolant specific calculations by GENFLO, 
for both codes. In the coupled code, FRAPTRAN is the main program calling GENFLO, 
which offers the thermal-hydraulic conditions for the entire subchannel. This computation 
is made only once for each time step, even if a number of iterations is done in FRAPTRAN 
during the time step. At the start, GENFLO is used to make a steady-state computation prior 
to any coupled code calculation. In the coupled code computation, FRAPTRAN dictates the 
time step length, typically 0.01-0.05 s, but the calculation is fast since GENFLO is non
iterative and effective numerical methods are applied (Daavittila, Hämäläinen, and Räty 
2005). The FRAPTRAN-GENFLO code package has been used in the past for the pre
and post test analyses of LOCA experiments performed at the Halden reactor (Miettinen, 
Stengård, and Kelppe 2004). ����Fuel rod

Upper plenum
volume

GENFLOFRAPTRAN

Fluid
subchannel

Local surface heat transfer
coefficient

Local coolant temperature

Local pressure

Plenum temperature

Local power

Local flow area reduction

Local cladding surface
temperature

Figure 6: Coupling and data exchange in FRAPTRAN-GENFLO.
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4 Calculations 

Analyses of tests 2, 3 and 4 of the IFA-650 series using the FRAPTRAN code are presented 
in this section. The results from the calculations are compared with measured data for the 
following parameters: 

- Cladding temperature as a function of time, 

- Fuel rod pressure as a function of time, 

- Cladding diameter at rupture versus axial position of rod, 

- Peak cladding temperature at rupture and 

- Maximum outer surface oxide layer thickness of cladding tube after LOCA transient 
(test 2). 

The transient fuel rod calculations of the IFA-650 tests presented in this work involve two 
versions of the FRAPTRAN code described in the foregoing section. The FRAPTRAN
QT1.4b calculations of the IFA-650 tests use thermal-hydraulic boundary conditions cal
culated by FRAPTRAN-GENFLO code (Miettinen, Stengård, and Kelppe 2004). More pre
cisely, we apply the calculated time variations of coolant pressure and cladding outer sur
face temperatures as prescribed boundary conditions for the cladding in the calculations 
with the FRAPTRAN-QT1.4b code. Moreover, the plenum temperature for the FRAPTRAN 
-QT1.4b calculations is either based on thermal-hydraulic calculations (GENFLO) or de
rived from measured quantities. For cladding failure, FRAPTRAN-GENFLO uses a strain
base cladding failure criterion, hoop strain versus burst temperature, whereas FRAPTRAN
QT1.4b, besides this option (not used here), employs a stress-base failure criterion, hoop 
stress versus burst temperature (cf. Appendix A). 

The active length of the test fuel rods is divided into 10 axial segments, each of equal length. 
The cladding is structurally treated as a thin-walled tube, i.e. it is represented by a single 
finite element across its thickness. The input options defining the cladding models selected 
in the FRAPTRAN calculations, presented in this section, are summarized in Appendix A. 
The input instructions for the FRAPTRAN-1.4 code are specified in (Geelhood, Luscher, 
and Beyer 2011b), whereas the additional input needed for use of the new cladding material 
models for LOCA analysis in FRAPTRAN-QT1.4b is described in (Jernkvist 2010). The 
time equal to zero (t=0) in the analyses refers to the start of blowdown. A constant time 
step length of 5 ms is used in the heat-up phase of the LOCA transient. 

4.1 Fuel rod initial state 

The FRAPTRAN-GENFLO calculations of preirradiated test rods, used in the IFA-650 ex
periments 3 and 4, are performed with burnup-dependent initial state calculated by the 
fuel rod steady-state behaviour code FRAPCON-3.4. Both calculations, by FRAPCON and 
FRAPTRAN, use 10 axial nodes to resolve fuel rod’s active length. The nodal linear heat 
generation rates (LHGRs) for the FRAPCON-3.4 calculations are obtained from the fuel 
rod base irradiation power histories by assuming a slightly skewed axial power distribu
tion with maximum at the upper end of the rod. Moreover, the finite element (FE) based 
mechanical cladding module of the codes (Knuutila 2006) is applied consistently in both 
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the FRAPCON and FRAPTRAN calculations. Application of the FE analysis (FEA) model 
in FRAPCON produces an unformatted file for FRAPTRAN. Also, FRAPCON produces a 
formatted restart file for each time step, and the last time step information is used for 
FRAPTRAN. Because the rods are refabricated for tests 3 and 4 (from a full-length rod 
to a short test rod) a few modifications are made to the restart files. The amount of gas 
(mole) and its composition should correspond to the new rod filling. The new amount of 
gas is tuned by calculation of the first time step by FRAPTRAN at zero power and adjusted 
to get the correct initial pressure, i.e. the fill pressure of refabricated rod. 

Fuel rod irradiation (power) history primarily influences fission product gas release, i.e. 
the gas composition in the rod and thereby the rod internal gas pressure. These quantities 
were reset to predefined values in the considered IFA-650.3 and -650.4 LOCA tests (see ta
ble 1) upon re-fabrication after their respective pre-irradiation. Moreover, fuel deformation 
and restructuring, and cladding deformation are chiefly burnup/exposure dependent, mean
ing that the details of power history have secondary effects on these quantities. Therefore, 
the effects of pre-irradiation simulations with FRAPCON on LOCA test simulations with 
FRAPTRAN should be slight. 

The LOCA calculations of IFA-650 tests 3 and 4 with FRAPTRAN-QT1.4b are per
formed without FRAPCON-calculated initial fuel rod state, since verification calculations 
have shown that the impact of preirradiation on FRAPTRAN LOCA analysis results are 
small. Verification calculations were performed to check the influence of omitting the 
FRAPCON initialization (burnup-dependent rod state) on the final LOCA analysis results 
generated by the FRAPTRAN code. The differences between the two approaches, that is, 
LOCA analysis with and without FRAPCON initialization, were not significant despite that 
differences in calculated results existed. The conclusion of this verification is that LOCA 
analysis of a preirradiated (high burnup) test rod can be performed with sufficient accu
racy by solely using FRAPTRAN, i.e. by treating the preirradiated rod in the same way 
as an unirradiated (fresh) fuel rod, but with a reset gas gap composition and rod internal 
pressure, and also by altered rod dimensions. 

4.2 Coolant conditions and plenum temperature 

The coolant pressure, cladding outside temperature and plenum temperature as a function 
of time for the IFA-650 tests 2, 3 and 4 are calculated by using FRAPTRAN-GENFLO. The 
results are presented below. 

Coolant pressure: The time variations of calculated coolant pressure in the IFA-650 tests 2, 
3 and 4, using FRAPTRAN-GENFLO, are plotted in figure 7. The depressurising of pressure 
vessel (flask) in the blowdown phase (from roughly 7 MPa down to rig pressure :0.4 MPa) 
in the tests takes about 35, 55 and 90 s, respectively. The transient LOCA calculations are 
carried out to 800 s after the initiation of the blowdown for IFA-650 tests 2 and 3, whereas 
test 4 is calculated to 400 s (dash-dot curve in figure 7). These times applied for the tests 
are sufficiently long for our purpose, since the main objective of our analyses is to compare 
the cladding deformation behaviour and rupture with that obtained experimentally. The 
calculated coolant pressure boundary conditions by FRAPTRAN-GENFLO are prescribed 
in the succeeding calculations by the FRAPTRAN-QT1.4b code. 
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Cladding outer temperature: The time variations of cladding outer surface temperature in 
the IFA-650 tests 2, 3 and 4, using FRAPTRAN-GENFLO, are plotted in figures 8a, 8b and 9, 
respectively. The calculated cladding temperatures are given in the thermocouple positions 
(TCC) used in the various tests. Note that the IFA-650.4 test (figure 9) is calculated to 400 
s after the start of the blowdown (t=0 s). The calculated temperatures are in general in good 
agreement with the measured temperature recordings. The cladding temperature boundary 
conditions calculated by FRAPTRAN-GENFLO are prescribed in the calculations made by 
the FRAPTRAN-QT1.4b code. 

Plenum gas temperature: The time variations of plenum gas temperature in the IFA-650 
tests 2, 3 and 4, calculated by FRAPTRAN-GENFLO, are plotted as solid lines in figures 10, 
11 and 12, respectively. The plenum gas temperature variations shown by the dashed lines 
in these three figures are prescribed in the FRAPTRAN-QT1.4b calculations. In figure 
10 (IFA-650.2) the dashed line represents a simplified curve created from the calculated 
response (solid line), whereas the dashed lines in figures 11 (IFA-650.3) and 12 (IFA-650.4) 
represent measured quantities from the experiments. More specifically, the dashed line in 
figure 11 is the measured temperature variation of the fuel rod outer surface at an axial level 
that contains the plenum (TCC3 signal, see table 2). It should be mentioned that the TCC3 
signal in figure 11 has been filtered from the background noise. The dashed line in figure 
12 is the result of direct measurement of gas temperature by a thermocouple (TCC3 signal) 
located in the plenum volume of the rod, see table 2. 
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Figure 7: Calculated coolant pressure (rig pressure) variations with time for the IFA-650 
tests 2, 3 and 4 using the FRAPTRAN-GENFLO code. The calculated coolant pressure 
boundary conditions by FRAPTRAN-GENFLO are prescribed in the calculations by the 
FRAPTRAN-QT1.4b code. 
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Figure 8: (a) IFA-650.2 (b) IFA-650.3 / Measured and calculated cladding outer sur
face temperatures in thermocouple positions. The axial positions of the cladding ther
mocouples (TCC) for the tests are given in table 2. The calculated cladding temperature 
boundary conditions by FRAPTRAN-GENFLO are prescribed in the calculations by the 
FRAPTRAN-QT1.4b code. 
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Figure 9: IFA-650.4 / Measured and calculated cladding outer surface temperatures in 
thermocouple positions. The axial positions of the cladding thermocouples (TCC) for 
the test are given in table 2. The calculated cladding temperature boundary conditions 
by FRAPTRAN-GENFLO are prescribed in the calculations by the FRAPTRAN-QT1.4b 
code. 
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Figure 10: IFA-650.2 / Solid line; FRAPTRAN-GENFLO calculated time variation of 
plenum gas temperature. Dashed line; Simplified curve of the calculated response. The 
plenum gas temperature described by the dashed line is prescribed in the IFA-650.2 calcu
lations by the FRAPTRAN-QT1.4b code. 
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Figure 11: IFA-650.3 / Solid line; FRAPTRAN-GENFLO calculated time variation of 
plenum gas temperature. Dashed line; Measured temperature variation of the fuel rod outer 
surface at an axial level containing the plenum (TCC3 signal, filtered from noise). The tem
perature history described by the dashed line is used as prescribed plenum gas temperature 
in the IFA-650.3 calculations by the FRAPTRAN-QT1.4b code. 

Figure 12: IFA-650.4 / Solid line; FRAPTRAN-GENFLO calculated time variation of 
plenum gas temperature. Dashed line; Measured plenum gas temperature variation (TCC3 
signal). The measured temperature response is prescribed in the IFA-650.4 calculations 
using the FRAPTRAN-QT1.4b code. 
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4.3 Rod gas pressure 

The rod gas pressure (plenum pressure) as a function of time for the IFA-650 tests 2, 3 and 
4, calculated by FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b, are compared with mea
surements in figures 13, 14 and 15, respectively. The rod gas pressure in these figures, calcu
lated by FRAPTRAN-GENFLO, are shown as solid lines, whereas the FRAPTRAN-QT1.4b 
results are shown as dashed lines. The measured time responses of the rod pressure (PF1 
signal) are plotted as dash-dot lines. 

4.3.1 IFA-650.2 

The cladding rupture measured in the experiment occurred 99 s after the start of the blow
down. At this moment the rod pressure dropped rapidly from 5.6 MPa to the rig pressure 
(0.4 MPa), although the pressure signal remained constant at 5.6 MPa, see figure 13 (Ek 
2005a). The occurrence of cladding rupture obtained in the experiment is indicated by an 
asterisk in this figure. The calculated times to cladding rupture by the FRAPTRAN-GENFLO 
and FRAPTRAN-QT1.4b codes are 100 and 108 s, respectively. These rupture points are 
indicated by the cross symbol (×) in figure 13. The calculated rod pressures at these in
stants, but just before cladding rupture, are 5.7 and 5.8 MPa, respectively. 

4.3.2 IFA-650.3 

The cladding rupture measured in the experiment occurred 266-267 s after the start of the 
blowdown. The measured rod pressure, just prior to cladding rupture in the experiment, 
was 7.1 MPa. After rupture, the gas pressure in the rod dropped, at first quite fast and then 
gradually with a decreasing rate with time; see the measured pressure signal shown by the 
dash-dot line in figure 14 (Ek 2005b). The course of events in the experiment is outlined 
in section 2.2. The times to cladding rupture calculated by the FRAPTRAN-GENFLO and 
FRAPTRAN-QT1.4b codes are 263 and 262 s, respectively (figure 14). The calculated rod 
pressures just prior to rupture are 5.7 and 5.8 MPa, respectively. 

4.3.3 IFA-650.4 

The fuel rod cladding in the experiment failed 336 s after the start of the blowdown. The 
measured rod pressure, shortly before the cladding rupture, was 7.1 MPa. Upon failure the 
rod pressure dropped rapidly down to the rig pressure. The test rod experienced large bal
looning and cladding burst followed by a collapse of the fuel stack upper part into the burst 
area. The axial relocation of fuel material led to a dramatic shift in the distribution of fis
sioning power from the upper to lower end of the rod. The simulation of these phenomena is 
omitted in the current work since our main focus here is the evaluate cladding deformation 
and burst. The experiment is outlined in section 2.3. The times to cladding rupture calcu
lated by FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b are 338 and 332 s, respectively 
(figure 15). At these time instants (prior to rupture) the calculated rod pressures are 5.3 and 
5.6 MPa, respectively. 
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Figure 13: Rod gas pressure (plenum pressure) vs. time for the IFA-650.2 test, calculated by 
the FRAPTRAN-GENFLO (solid line) and textttFRAPTRAN-QT1.4b (dashed line) codes. 
Cladding rupture is calculated around 100 s after start of blowdown. The measured evolu
tion of the rod pressure is shown by the dash-dot curve. In reality, the measured rod pressure 
reaches the rig pressure upon cladding rupture at 99 s (asterisk symbol). The pressure sen
sor could not measure pressures below 5.6 MPa (Ek 2005a). 
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Figure 14: IFA-650.3 rod gas pressure variation with time calculated by the 
FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b codes. The measured rod gas pressure 
variation during the transient is shown by the dash-dot curve (Ek 2005b).
 

Figure 15: IFA-650.4 rod gas pressure variation with time calculated by the 
FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b code. The measured rod gas pressure 
variation during the transient is shown by the dash-dot curve (Kekkonen 2007). 
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4.4 Cladding deformation and rupture 

4.4.1 IFA-650.2 

The calculated and measured cladding outer diameter profiles over the fuel stack region 
at burst are compared in figure 16. The two profiles plotted as solid and dashed lines are 
the results from calculations using the FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b 
codes, respectively. The measured post-test cladding diameter profile for the IFA-650.2 
rod, obtained as the average of three diametral trace measurements at 0, 45 and 135 degrees 
orientation along the rod (Ek 2005c), is given as dash-dot line in figure 16. The maximum 
measured diameter value at the open burst of the cladding is shown by an asterisk symbol. 

Cladding rupture, by both codes, is calculated in axial node 5, i.e. in the rod’s peak power 
position. This axial node corresponds to an axial elevation of 0.225 m from bottom end of 
the fuel stack, cf. figure 16. The calculated maximum diameters of the ruptured cladding 
are roughly 17 mm, whereas that obtained experimentally amounts to about 18 mm. The 
initial cladding diameter of the test rod was 9.5 mm. The calculated diameter profiles are, 
in general, in good agreement with measurements. The calculated deformations at rupture 
in the upper half of the rod match almost with measurements, whereas the diameter in the 
lower half of the rod is underestimated by about 1 mm relative to measurement. The dif
ferences between the calculations of cladding deformation made by FRAPTRAN-GENFLO 
and FRAPTRAN-QT1.4b for the IFA-650.2 test are small (figure 16). Also the calculated 
magnitudes of the cladding diameter at rupture (maximum values) as well as the rupture 
locations compare well with those of measurements (asterisk in figure 16). 

4.4.2 IFA-650.3 

The calculated and measured cladding outer diameter profiles over the fuel stack region at 
burst are compared in figures 17a and 17b for the IFA-650.3 test rod. The former figure 
compares the FRAPTRAN-GENFLO results with measurements and the latter the FRAP 
TRAN-QT1.4b results with measurements. 

Post-test examination showed that the ruptured rod had developed uniform cladding de
formation along the rod, but the maximum diameter increase was very small, only about 
7% (at mid-stack height) (Ek 2005b). The burst location could not be found by visual in
spection, but was instead determined by a leak test to be located in the lower thermocouple 
region. The measured diameter profile at rupture for the IFA-650.3 test rod is shown by the 
dash-dot line in figures 17a and 17b, representing the average of the four diametral trace 
measurements performed along the rod, that is at 0, 45, 90 and 135 degrees orientation 
(Ek 2005b). The burst location is indicated by an asterisk symbol in the plots, where the 
letter symbol “T” indicates thermocouple position. The cladding diameter measurements 
also revealed that local ballooning had started at the lower thermocouple position and at the 
middle of the rod when failure of the cladding occurred. However, in figures 17a-b we have 
omitted the abrupt variations in the diameter traces due to local ballooning at the lower 
thermocouple position and due to thermocouple clamp at the upper position (Ek 2005b). 
The details of the diameter measurement indicate that the general cladding deformation 
and ballooning in the middle of the rod proceeded as expected until the breach in the lower 
thermocouple area. The cladding deformations would certainly have been much larger if 
the rod had not failed prematurely. The grinding and welding operations to attach the ther
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mocouple to the rod may have weakened the cladding locally and thereby contributed to 
the early failure of the cladding in the experiment (Ek 2005b). 

Cladding rupture, by both codes, is calculated to occur at the axial node 6, see the ring 
symbol in figures 17a-b. This axial node corresponds to an axial elevation of 0.264 m 
from bottom end of the fuel stack. The maximum cladding diameters at rupture for the 
IFA-650.3 experiment calculated by the FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b 
codes, are 19.4 and 19.9 mm, respectively (see figures 17a-b). These maximum values are 
calculated at rod’s peak power position. The initial diameter of the cladding in the test rod 
was 10.735 mm. The times to cladding burst calculated by the FRAPTRAN-GENFLO and 
FRAPTRAN-QT1.4b codes for the IFA-650.3 test rod are 263 and 262 s, respectively. The 
measured time to cladding rupture for the test was 267 s after the start of the blowdown. The 
calculated and measured rupture times are not directly comparable due to the apparently 
premature nature of the rod rupture in the experiment. For comparison, we have instead 
plotted the calculated diameter profiles at the time instant of 250 s at which the maximum 
diameter is close to that of the measured diameter profile. The calculated profiles at 250 s 
by FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b are shown in figures 17a and 17b by 
the thin solid and thin dashed lines, respectively. 

4.4.3 IFA-650.4 

The calculated and measured cladding outer diameter profiles over the fuel stack region at 
burst for the IFA-650.4 test rod are compared in figure 18. The two profiles plotted by the 
solid and dashed lines are the results from calculations using the FRAPTRAN-GENFLO and 
FRAPTRAN-QT1.4b codes, respectively. The measured post-test cladding diameter pro
file outside the burst region (crack opening) for the IFA-650.4 rod is given by the dash-dot 
line. The diameter measurement reported by (Oberländer, Espeland, Solum, and Jenssen 
2008) was performed at two different orientations along the rod, where the diameter profile 
for each orientation was determined by 13 sampling points (discrete diameter values). The 
diameter profile, representing the measurement in figure 18, is the average from these two 
orientations. The maximum cladding diameter just before burst in the experiment, plot
ted by an asterisk symbol in figure 18, corresponds to the maximum measured diameter 
increase of 65% (Oberländer, Espeland, Solum, and Jenssen 2008). 

Cladding rupture, by both codes, is calculated in axial node 5, i.e. in the rod’s peak power 
position. This axial node corresponds to an axial elevation of 0.216 m from bottom end of 
the fuel stack (figure 18). The maximum cladding diameters at rupture for the IFA-650.4 
experiment calculated by the FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b codes, are 
19.9 and 20.1 mm, respectively, whereas that obtained experimentally amounts to about 
17.7 mm (65% diameter increase). The initial cladding diameter of the test rod was 10.75 
mm. We observe that the calculated maximum diameter at rupture by FRAPTRAN-QT1.4b 
is somewhat (0.1 mm) larger than the inner diameter of the heater (20 mm). However, since 
this possible interference with the heater is small, it is judged to be within the geometry tol
erances of the rig equipment. We note that the cladding deformations, particularly outside 
the burst region, are generally underestimated by the codes compared with the measure
ments. More specifically, the calculated diameter profiles at the upper and lower halves of 
the test rod are underestimated by about 1-2 mm relative to measurements, whereas in the 
burst region (middle of rod) the calculated diameters are about 2 mm larger than the mea
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sured values, see figure 18. However, when evaluating the cladding deformations from the 
test it should be born in mind that the diameter measurement, especially outside the burst 
region, is insufficient. For example, there is no diameter measurement performed between 
the axial elevations of 0.30 and 0.45 m (figure 18). The differences in cladding deforma
tions calculated by FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b for the IFA-650.4 test 
are small. 
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The evaluation of the IFA-650 tests 2, 3 and 4 performed in this report is summarized in 
table 4. 

Figure 16: IFA-650.2 rod calculated and measured outer diameter profiles of cladding at 
burst. The two profiles shown by the solid and dashed lines represent the calculations 
made by FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b, respectively. The correspond
ing measured diameter profile is shown by the dash-dot line (Ek 2005c) and maximum 
measured diameter by asterisk. 
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(a)
 

(b) 

Figure 17: IFA-650.3 rod calculated cladding outer diameter at 250 s after blowdown and at 
burst using the (a) FRAPTRAN-GENFLO and (b) FRAPTRAN-QT1.4b codes. The mea
sured post-test diameter profile along the rod (Ek 2005b) is shown by dash-dot line and 
measured rupture position by asterisk. 
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Figure 18: IFA-650.4 rod calculated and measured outer diameter profiles of cladding at 
burst. The two profiles shown by the solid and dashed lines, respectively, represent the 
calculation outcome by the FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b codes. The 
measured diameter along the rod is shown by the dash-dot line (Oberländer, Espeland, 
Solum, and Jenssen 2008) and maximum measured diameter by asterisk. 
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Table 4: Comparison of calculated and measured results for the IFA-650 tests 2, 3 and 4.
 
Test/ 

Parameter 
Calculation 
1) 2) 

Measurement 

IFA-650.2/ 
Time to cladding rupture, s 100 108 99 
Rupture temperature, ◦C 773 806 800 
Max. diametral cladding strain, % 82♭ 76♭ 90 
Rod pressure at rupture, MPa 5.7 5.8 5.6 
Outer surface oxide layer, µm 35 35 40-50 
thickness, µm 

IFA-650.3/ 
Time to cladding rupture, s 263 262 266-267 
Rupture temperature, ◦C 796 797 780 
Max. diametral cladding strain, % 81♭ 86♭ <10 
Rod pressure at rupture, MPa 5.7 5.8 7.1 
Outer surface oxide layer, µm 10 10 . . . 

IFA-650.4/ 
Time to cladding rupture, s 338 332 336 
Rupture temperature, ◦C 789 785 785 
Max. diametral cladding strain, % 81♭ 87♭ 65 
Rod pressure at rupture, MPa 5.3 5.6 7.1 
Outer surface oxide layer, µm . . . . . . 10-13 

1) FRAPTRAN-GENFLO 
2) FRAPTRAN-QT1.4b 
♭ Value obtained from the calculated increase of cladding outer diameter relative to initial 
cladding diameter of test fuel rod. 

Concluding remarks 

In this report, we have evaluated the Halden IFA-650 LOCA tests 2, 3 and 4 using two 
versions of the transient fuel rod code FRAPTRAN-1.4, namely FRAPTRAN-GENFLO 
and FRAPTRAN-QT1.4b. Since the former code is coupled to a thermal-hydraulic pro-
gram (GENFLO), this capability is also utilized to prescribe the fuel rod boundary condi
tions for the FRAPTRAN-QT1.4b analyses reported here. For cladding mechanical cal
culations, the finite element method option of the codes is invoked. One point worthy 
for a remark is the computation of the gas temperature in the plenum region of the rod 
which accommodates most of the rod’s void volume. The plenum gas temperature for 
FRAPTRAN-QT1.4b was either taken from the FRAPTRAN-GENFLO output or extracted 
from measurements. The fuel rod initial conditions after base irradiation (tests 3 and 4) 
for FRAPTRAN-GENFLO were precalculated using the steady-state fuel performance code 
FRAPCON-3.4. Since, however, our computations showed that the impact of preirradia
tion on FRAPTRAN LOCA analysis results are small, the FRAPTRAN-QT1.4b calcula
tions were done without FRAPCON initialization. 

In all three tests, the cladding failure occurred in the high a-Zr phase of the Zircaloy
4 material, i.e. at temperatures around and below 800◦C, which is much lower than the 
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value (1204◦C) set by the acceptance criteria. The calculated rupture temperatures for the 
tests agree well with measurements. Since cladding rupture in the tests occurs in the a 
phase temperature range, the effect of the phase transition model in FRAPTRAN-QT1.4b 
does not come into play in the creep and rupture calculations. Computations made by both 
FRAPTRAN-GENFLO and FRAPTRAN-QT1.4b are, in general, in good agreement with 
the measured results regarding time to rupture and cladding deformation at rupture for tests 
2 and 4. For test 3, in which the cladding failed prematurely at its lower end, the same 
amount of cladding deformation at rupture was calculated (by both codes) as for test 4. The 
two versions of code benchmark well with each other for the experiments evaluated in this 
report. 
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Appendix A Input parameters for cladding models 

The input parameters defining the cladding models and options applied in the FRAPTRAN 
calculations in section 4 of the report are described briefly in table A1, below. The default 
values are used for those options for which no values are given explicitly. The cladding 
model options are set in the $model block of the FRAPTRAN input files. Further details 
on the input instructions are given in (Geelhood, Luscher, and Beyer 2011b) and (Jernkvist 
2010). 

Table A1: Definition of FRAPTRAN cladding models and options used in the calculations 
of the IFA-650 tests. 
Program Cladding model/ 

& suboptions 
Description of selections 

FRAPTRAN mechan=1/ FE cladding mechanical model (FEA) 
GENFLO irupt=2 

ruptstrain 

frcoef 

irefine=2 

Apply strain criterion for heating rates :10◦C/s 
from NUREG-0630 (Powers and Meyer 1980) 
to determine cladding failure. 
Maximum effective plastic+creep strain value 
(default=1.0) 
Coulomb coefficient of friction in pellet/ 
cladding interface. (default=0.015) 
No mesh refinement in case of ballooning. 

FRAPTRAN-QT1.4b mechan=1/ 
icplcr=2 

iccrp=1 

irupt=5 

icrup=2 

plendef=0 
ruptstrain=3.0 

frcoef 

irefine=2 

FE cladding mechanical model (FEA) 
Calculate only high-temperature creep 
deformation in cladding. 
Calculate mixed-phase creep rate by inter
polation between single-phase creep rates. 
Apply average stress criterion by (Rosinger 1984) 
to determine cladding failure. 
Use temperature + phase composition for 
calculating cladding mixed-phase burst stress 
No creep deformation of gas plenum walls. 
Maximum effective plastic+creep strain value 
(default=1.0) 
Coulomb coefficient of friction in pellet/ 
cladding interface. (default=0.015) 
No mesh refinement in case of ballooning. 

Cladding models and options 

FRAPTRAN-GENFLO: In the FRAPTRAN-GENFLO calculation with the FE cladding 
module, the rupture criterion option irupt=2 is used. This option selects the burst hoop 
strain versus burst temperature correlation for cladding heating rates :10◦C/s (slow-ramp) 
defined in the NUREG-0630 document (Powers and Meyer 1980) as a rupture criterion. 
A similar burst correlation for ?25◦C/s (fast-ramp) is also defined in (Powers and Meyer 
1980), which can be selected in FRAPTRAN by setting irupt=1. However, since the 
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average heating rate during the heat-up phase in the considered IFA-650 tests is less than 
10◦C/s (table 3) we apply the former of these two burst options. 

The GENFLO thermal-hydraulic code in the combined FRAPTRAN-GENFLO code is ac
tivated by specifying genflo=’on’ in the $boundary block of the FRAPTRAN in
put file. Besides the general thermal-hydraulic boundary conditions along the test rod, 
GENFLO also calculates the rod’s plenum temperature, and by specifying the input param
eter PlenumTemp=2 (in $model block) this value can be used in thermal-mechanical 
part (FRAPTRAN) of the transient calculations by the FRAPTRAN-GENFLO code. We 
have used the FEA option for the mechanical analysis of the cladding (mechan=1 in 
FRAPTRAN), where for the yield strength the NUREG/CR-6534 correlation in the ckmn 
subroutine of FRAPTRAN is employed. This correlation seems to provide slightly better 
results in the evaluations of the Halden LOCA tests than the standard yield strength corre
lation in ckmn. The standard FRAPTRAN options PlenumTemp=0 or 1 cannot be used 
for this type of test rod and coolant flow. There is also a possibility to specify (prescribe) the 
plenum temperature as function of time (PlenumTemp=3) in VTT’s FRAPTRAN version. 
This option was added to the FRAPTRAN-QT1.4b code for the analyses here. 

FRAPTRAN-QT1.4b: In the FRAPTRAN-QT1.4b calculations of the IFA-650 tests, 
we use the aforementioned FE cladding module combined with certain high-temperature 
cladding material models introduced in the program (Jernkvist 2010). The extended capa
bility of the code includes models for high-temperature oxidation, phase transformation, 
creep deformation and rupture. The integrated performance of selected material models 
for cladding rupture prediction under LOCA conditions has been verified against burst 
test data in (Manngård and Massih 2010; Manngård and Massih 2011), whereas the per
formance of individual models is verified and tested in (Massih 2009; Massih 2008). In 
FRAPTRAN-QT1.4b besides the aforementioned strain-base cladding failure criterion 
there are stress-base failure criteria after the experimental works of (Erbacher, Neitzel, 
Rosinger, Schmidt, and Wiehr 1982) and (Rosinger 1984). We have applied Rosinger’s 
average (best-estimate) stress-base failure criterion in our calculations. 

The plenum temperature for FRAPTRAN-QT1.4b calculations was either based on thermal
hydraulic calculations (GENFLO) or derived from measured quantities. The plenum tem
perature variation with time was prescribed using the option PlenumTemp=3 (cf. also 
FRAPTRAN-GENFLO paragraph above). 

The input options defining the cladding models applied in the FRAPTRAN calculations are 
summarized in table A1. The cladding model options are set in the $model block of the 
FRAPTRAN input files. 
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