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Abstract

In 2005, six (6) Westinghouse WWER-1000 Lead 
Test Assemblies (LTAs) were loaded in South 
Ukraine Unit 3 (SU3). The LTAs completed the 
planned four cycles of operation and reached an 
average assembly burnup in excess of 43 MWd/
kgU. Post Irradiation Examination (PIE) inspec-
tions were performed after completion of each cy-
cle and it was concluded that the 6 Westinghouse 
LTAs performed as expected during their opera-
tional regimes. 

In 2010, a full region of 42 assemblies of an 
enhanced WWER-1000 fuel design for Ukrainian 
reactors, designated WFA, was loaded in SU3. 
The WFA includes features that further mitigate as-
sembly bow while at the same time improving the 
fuel cycle economy. In 2015, 26 WFAs completed 
their planned four cycles of operation reaching an 
average assembly burnup in excess of 42 MWd/
kgU. Currently 36 WFAs continue operating their 
fourth cycle in SU3. In addition, South Ukraine Unit 
2 (SU2) has been loaded with WFAs and 27 as-
semblies have completed two cycles of operation 
reaching an average assembly burnup above 24 
MWd/kgU.

PIE for the WFAs has been completed after 
each cycle of operation. All assemblies have been 
examined for visible damage or non-standard posi-
tion of fuel assembly components during unloading 
and reloading. All WFAs have also been subject to 
the standard leak testing process, with all fuel rods 
found to be hermetically sealed and non-leaking. 

Each outage, six WFAs have been subject to a 
more extensive inspection program. In 2012, 2013, 
and 2015, the Westinghouse Fuel Inspection and 
Repair Equipment (FIRE) workstation were used 
for the SU3 inspections.

Excellent irradiation fuel performance has 
been observed and measured on all WFAs. The 
fuel assembly growth, rod cluster control assem-
bly (RCCA) drag forces, oxide thickness, total fuel 
rod-to-nozzle gap channel closure, and fuel as-
sembly bow data were within the bounds of the 
Westinghouse experience database. Results and 
concluding remarks from the PIEs are provided in 
this paper.
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In 2012, several WFAs experienced mechanical 
damage of the spacer grids due to high lateral 
loads during core loading of both SU2 and SU3. 
The high loads were caused by mechanical inter-
ference due to a combination of distortion and stiff-
ness of the mixed core. However, it shall be noted 
that all fuel rods remained hermetically sealed and 
non-leaking. Moreover incremental grid damage 
has not been observed on any WFA in any con-
secutive outage.

To prevent damage of the WFA spacer grids 
during core loading and unloading, Westinghouse 
modifi ed the WWER-1000 fuel design further to 
increase lateral grid strength and to minimize the 
risk for harmful mechanical interaction between 
assemblies. The design includes  a thicker spacer 
grid outer strap with an enhanced profi le, an all 
Alloy 718 grid structure for improved stability, and 
improvements to the top and bottom nozzles.

1. Introduction

Westinghouse has completed manufacturing and 
delivery of fi ve full regions of the Westinghouse 
WWER-1000 Fuel Assembly (WFA) design to the 
South Ukraine NPP (SUNPP). In addition one 
region of the upgraded Robust Westinghouse 
WWER-1000 Fuel Assembly (RWFA) design was 
delivered to South Ukraine Unit 3 (SU3) in the au-
tumn of 2014.

Within the Ukraine Nuclear Fuel Qualifi cation 
Program (UNFQP) Westinghouse and the United 
States Department of Energy, through the Pacifi c 
Northwest National Laboratory (PNNL), supplied 
one full reload batch of 42 WFAs to SU3. In 2015, 
26 of these assemblies completed their planned 
four cycles of safe operation reaching an average 
assembly burnup above 42 MWd/kgU with sat-
isfactory performance on all counts. The reload 
batch was preceded by the delivery of 6 Lead Test 
Assemblies (LTAs), which were introduced in SU3 
in 2005. The LTAs have completed their planned 
four cycles of operation and reached an average 
assembly burnup in excess of 43 MWd/kgU.

Post Irradiation Examinations (PIEs) for all 
WFAs have been completed after each cycle of 
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operation and six WFAs have been subject to a 
more extensive inspection program at each out-
age. In 2012, 2013 and 2015 the Westinghouse 
Fuel Inspection and Repair Equipment (FIRE) 
workstation were used for the SU3 inspections. 
Three WFAs have been inspected in the FIRE in 
all three outages and three have been inspected 
in two outages.

Excellent irradiation fuel performance has 
been observed and measured on all WFAs. All 
WFAs have also been subject to the standard leak 
testing process with all fuel rods found to be her-
metically sealed and non-leaking.

In 2012, several WFAs experienced mechani-
cal damage of the spacer grids during loading of 
both South Ukraine Unit 2 (SU2) and SU3. The 
grids were damaged due to high lateral loads 
exceeding their strength limit. To prevent recur-
rence of these damages, Westinghouse upgraded 
the WWER-1000 fuel design to increase lateral 
grid strength and to minimize the risk for harmful 
mechanical interaction between assemblies. The 
upgraded design, Robust Westinghouse WWER-
1000 Fuel Assembly (RWFA) includes a thicker 
spacer grid outer strap with an enhanced profi le, 
an all Alloy 718 grid structure for improved stability 
and improvements to the top and bottom nozzles.

In December, 2014 Energoatom and Westing-
house signed a contract for increased deliveries, 
to SUNPP and Zaporizhzhya Nuclear Power Plant 
(ZNPP).

2. Westinghouse WWER-1000 Fuel 
Assembly Design Development 
History

In this section, a brief overview of the development 
of the WFA as well as of the enhanced design 
RWFA, is provided. The development of the WFA 
LTA- and Region designs have earlier been pre-
sented in the 7th and 9th International Conferences 
on WWER Fuel Performance, Modelling and Ex-
perimental Support in 2009 and 2011, respectively, 
see References 1 and 2. A separate paper for the 
Enhanced Westinghouse WWER-1000 Fuel De-
sign for Ukraine Reactors, the RWFA, is provided 
for the 11th International Conferences on WWER 
Fuel Performance, Modelling and Experimental 
Support, 2015, see Reference 3.

Signifi cantly different from the Westinghouse 
VV6 Temelin fuel assembly design, the WFA and 
later the RWFA, were designed to not only be 
100% compatible with the WWER-1000 reac-
tors, but also, very importantly, to perform safely 
in mixed core transitions and to excel reliably and 

economically in equilibrium core operations. 

2.1. LTA development and manufacturing 

The original development on the WFA design 
started in early 2001 and resulted in 6 LTAs be-
ing shipped in 2005. This design fulfi lled all design 
objectives with good margins. The testing perfor-
mance was also excellent and all completed tests 
showed signifi cant margin to the design limits. 

Manufacturing of LTAs was carried out at the 
fuel fabrication facility in Columbia, South Caroli-
na, USA, and went very well. The fuel was shipped 
in April 2005 and loaded in SU3 during the 2005 
outage.

2.2. WFA Development and Manufacturing

With the opportunity for continuous improvements 
and additional margins envisioned for cycle exten-
sions beyond the traditional 4 cycles of operation 
in WWER 1000 units, the double bulge grid attach-
ment feature was embodied in the WFA Region de-
sign. The double bulge at each grid location vs. a 
single bulge is shown schematically in Figures 2.1 
for the LTA design and in Figure 2.2 for WFA design.

The effect of this design feature is a signifi -
cantly improved skeleton structural stiffness equiv-
alent to the successfully operating Westinghouse 
square lattice designs.

Figure 2.1. LTA Design

Figure 2.2. WFA Design
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In addition to the double bulge feature, it was 
also decided to change the material in the major 
part of the grids from Alloy 718 to Zr-1%Nb mate-
rial. In the WFA Region design, Zr-1%Nb material 
is used in 13 of the WFA grids to further improve 
fuel cycle economics. In the LTA design, only 2 
grids were of Zr-1%Nb material. With the Region 
design the Fuel Assembly (FA) stiffness remains 
well within the variability which has been shown to 
have a negligible effect on fuel assembly dynamic 
performance, while simultaneously improving the 
fuel cycle cost by approximately 1 %. The remain-
ing 3 grids (Top, Bottom, and 1-st from the Bottom 
Grid) continue to be of Alloy 718 material.

This fi rst full 42 fuel assembly reload batch of 
the WFA Region design was manufactured at the 
fuel fabrication facility at Westinghouse Sweden 
and loaded in SU3 in February 2010.

2.3. RWFA Development and Manufacturing

In 2012, several WFAs experienced mechanical 
damage of the spacer grids during core loading of 
both SU2 and SU3. The grids were damaged by 
mechanical interference due to high lateral loads 
exceeding their strength limit. The mechanical in-
terference was caused by a combination of distor-
tion and stiffness of the mixed core. However, it 
shall be noted that all fuel rods remained hermeti-
cally sealed and non-leaking. It shall also be point-
ed out that as a result of measures taken to opti-
mize the loading sequence, no grid damage has 
been observed in any of the consecutive outages.

To prevent damage of the WFA spacer grids 
during core loading and unloading, Westinghouse 
developed an enhanced WWER-1000 fuel design, 
the RWFA design, to increase lateral grid strength 
and to minimize the risk for harmful mechanical in-
teraction between fuel assemblies.

Incorporated design enhancements include a 
thicker spacer grid outer strap, an enhanced spac-
er grid outer strap profi le to mitigate core loading 
and unloading risks, an all Alloy 718 grid structure 
for improved stability, and improvements to the top 
and bottom nozzles. Capable of meeting increased 
lateral loads generated from using a higher axial 
trip limit for the refueling machine crane, the design 
was verifi ed by extensive mechanical and thermal-
hydraulic testing, which included a newly devel-
oped fuel assembly-to-fuel assembly handling test 
rig to assess performance during bounding core 
loading and unloading conditions. Through these 
extensive design enhancements and comprehen-
sive testing program, the enhanced WWER-1000 
design provides additional performance, handling, 

and reliability margins for safe reactor operation.
For more details on the RWFA design, please 

see the paper “Enhanced Westinghouse WWER-
1000 Fuel Design for Ukraine Reactors” in the 
material for this 11th International Conferences on 
WWER Fuel Performance, Modelling and Experi-
mental Support, 2015.

Manufacturing of the fi rst RWFA reload batch 
was carried out at the fuel fabrication facility at 
Westinghouse Sweden in 2014 and loaded in SU3 
in March 2015.

3. Operational Experience and Post 
Irradiation Examination (PIE) 
results

The 6 LTAs were introduced in SU3 in 2005 and 
were discharged in 2010 after completing four cy-
cles of operation as planned. The average assembly 
burnup for the 6 LTAs is more than 43 MWd/kgU.

In December, 2014, 26 WFAs of the Region 
design completed their planned four cycles of 
operation reaching an average assembly burnup 
in excess of 42 MWd/kgU. Another 36 WFAs are 
currently operating their fourth cycle in SU3. Also, 
SU2 has been loaded with WFAs and 27 of these 
assemblies have completed two cycles of opera-
tion and reached an average assembly burnup of 
more than 24 MWd/kgU.

PIEs for the WFAs have been completed after 
each cycle of operation. All assemblies have been 
examined for visible damage or non-standard 
position of fuel assembly components during un-
loading and reloading. All WFAs have also been 
subject to the standard leak testing process with 
all fuel rods found to be hermetically sealed and 
non-leaking. 

In each outage, six WFAs have been subject 
to a more extensive inspection program. In 2012, 
2013, and 2015, the Westinghouse FIRE work-
station was used for the SU3 inspections. Three 
WFAs have been inspected in the FIRE in each of 
the three outages and three have been inspected 
in two outages.

The FIRE workstation supports full scope fuel 
visual inspections as well as measurements of ox-
ide, bow, twist, FA length, grid width and RCCA 
drag forces. In addition an in-mast sipping system 
as well as equipment for fuel reconstitution is in-
cluded.

Excellent irradiation fuel performance has 
been observed and measured on all WFAs. The 
fuel assembly growth, rod cluster control assembly 
(RCCA) drag forces, oxide thickness, total fuel rod-
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to-nozzle gap channel closure, and fuel assembly 
bow data were within the bounds of the Westing-
house experience database. Results and conclud-
ing remarks from the PIEs are provided below.

3.1. LTA Operational Experience and PIE 
Results

The LTAs performed well in the SU3 core during 
Cycles 17-20, 2005-2010, demonstrating results 
well in agreement with all predicted calculations 
and in all of the PIEs that were performed after 
completion of each of the four cycles. The LTAs 
have now been discharged after completing the 
planned four cycles of operation. 

The LTAs were operated in different core loca-
tions during each operating cycle. Each LTA was 
even operated in a rod cluster control assembly 
(RCCA) core location during Cycle 19. 

Results from the third PIE were presented 
in detail at the 8th International Conference on 
WWER Fuel Performance, Modelling and Experi-
mental Support. Upon completion of the planned 4 
cycles of operation, the fi nal PIE was performed.

The fi nal PIE results at the end of SU3 Cycle 
20, in 2010 were presented at the 9th International 
Conference on WWER Fuel Performance, Model-
ling and Experimental Support. This fi nal PIE con-
tinued to yield satisfactory results on all counts, 
and it was concluded that the 6 Westinghouse 
LTAs performed as expected during their opera-
tional regimes. Specifi c conclusions are:

 ● All FAs looked good visually with no evidence 
of abnormalities in any part of the fuel assem-
blies.

 ● All grids remained in their designated axial po-
sitions, were intact, and had no indication of 
excessive corrosion.

 ● The fuel rods all looked good. They were crud 
free, straight, and corrosion was well within ex-
pected levels. No fretting or any other type of 
wear scars on the cladding of periphery rods 
was present. The fuel rod growth was as pre-
dicted and even more growth could have been 
accommodated by the FAs.

 ● RCCA drag forces were all acceptable, and 
this was no surprise as all 6 LTAs in control rod 
locations during their 3rd cycle of operation had 
passed the control rod drop times tests satis-
factory.

Very good performance was demonstrated in the 
WWER-1000 reactor water chemistry environment 
for the Zr-1%Nb as grid material, and the ZIRLO® 
1fuel cladding and structural components.

Drag forces during the fi nal unloading of the 
LTAs from the core did not exceed the design val-
ues and requirements, indicating absence of any 
excessive LTA bow or twist.

3.2. WFA Region Design Operational 
Experience and PIE Results in SU3

Within the UNFQP, Westinghouse and the United 
States Department of Energy, through the PNNL, 
supplied the fi rst reload batch of 42 WFA Region 
design to SU3 in 2010. Core follow of the 42 WFAs 
in transition cores has been carried out during 
2010-2014, Cycles 21-24, and detailed examina-
tion of selected WFAs has been conducted after 
completion of each cycle.

In addition, full-face visual inspections have 
been performed during the core offl oad of all op-
erating WFAs, on each of the six faces using a di-
agonal view. Video examinations have been made 
available to Westinghouse personnel for assess-
ment. These assessments were used to make a 
judgment about the extent of a condition and to 
make a determination of potential impact that the 
condition could have on the operational perfor-
mance of the assembly.

All WFAs in Cycles 21-24 have also been sub-
ject to the standard leak testing process with all 
fuel rods found to be hermetically sealed and non-
leaking.

In the outage of 2012, several WFAs showed 
damage that apparently occurred as a result of the 
reloading process. High interaction forces between 
fuel assemblies during the reload process caused 
damage to the grids. The fuel assemblies were 
visually inspected and subsequently assessed to 
determine whether they could be operated safely 
during subsequent cycles.

As a consequence of these inspections, 16 
WFAs of the fi rst reload batch and 2 WFAs of the 
second reload batch are held in the spent fuel pool 
(SFP). Of these 18 WFAs, 14 can be used as-is 
and 4 must be repaired. 

In 2012 also several fresh WFAs were dam-
aged during loading. This resulted in the State 
Nuclear Regulatory Inspectorate of Ukraine pro-
hibiting loading of fresh WFAs. As a consequence 
no fresh WFAs have been loaded in the consecu-
tive outages. However, the loading forces have 
been reduced by implementation of an improved 
core loading sequence for use with both WFA and 
RWFA designs. With this enhanced loading se-
quencing, reloading of irradiated WFAs have been 
successful. The risk for damage during loading 
has been signifi cantly reduced with this approach.
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Twenty-six (26) WFAs have now completed 
their full four cycles of operation, 18 irradiated 
WFAs are held in the SFP as described above, 
and 36 WFAs continue to operate their fourth cycle 
in the SU3 Cycle 25 core.

Excellent irradiation fuel performance has 
been observed on all WFAs in Cycles 21-24 with 
all results within the bounds of the Westinghouse 
experience database. No fuel assembly damage 
has been observed on any fuel assembly after the 
2012 outage. Details on the fi nal SU3 PIE after 
completion of Cycle 24 is provided below. 

3.2.1. EOC24 PIE in SU3

During the period of 22-28 December, 2014, 26 
Westinghouse WWER-1000 Fuel Assemblies (WFA) 
were inspected during offl oad. Thereafter, full scale 
PIE was performed on 6 selected WFAs using the 
Westinghouse FIRE stand. These inspections were 
carried out in February, 2015. Also all 66 WFAs that 
had operated in the Cycle 24 core were visually in-
spected during core unloading and SFP loading.

Twenty-six (26) of the 66 WFAs which had op-
erated in Cycle 24 belong to the UNFQP reload 
batch. A UNFQP Commission with representatives 
from the Ukrainian Center for Reactor Core De-
sign (CRCD), SUNPP, PNNL and Westinghouse 
approved all of the 26 UNFQP WFAs without res-
ervations.

Specifi cally the following can be noted:
 ● Fuel assembly or fuel rod damage was not ob-

served on any WFA. 
 ● The maximum RCCA drop time at Cycle 24 

was 2.34 sec at BOC and 2.34 sec at end of 
cycle (EOC), which is signifi cantly below the 
design value of 4.0 sec. None of the 26 WFAs 
operated under RCCA in Cycle 24.

 ● The highest WFA drag force during core un-
loading equaled ~ 70 kgf which is signifi cantly 
lower than the design limit of 150 kgf. The min-
imum WFA drag force during core unloading 
was below 5 kgf.

Full scale PIE on the six selected WFAs included 
half-face fuel assembly visual inspections, fuel as-
sembly length measurements, RCCA drag force 
measurements, grid growth measurements, fuel 
rod elongation measurements, peripheral rod ox-
ide measurements, and fuel assembly bow and 
twist measurements.

Selected WFA for Full Scale PIE

One 3x-burnt WFA and fi ve 4x-burnt WFAs (UN-
FQP WFAs) were selected for the full scale PIE 

using the Westinghouse FIRE stand. The average 
burnup of the inspected WFAs covers a range from 
35.5 to 45.6 MWd/kgU, while the fuel rod burnup is 
in the range from 30.6 to 48.4 MWd/kgU.

The fi ve 4x-burnt UNFQP WFAs were selected 
for inspections because they have been operating 
in different core sectors with one group of fuel as-
semblies (with similar burnup) on the core periph-
ery, and the other group in the core center. Fur-
thermore, all these FAs have a database of PIEs 
obtained during the outage of 2013 and three FAs 
have PIE results from the outage of 2012. See the 
WFA inspections history core map in Figure 3.1. 
Thus, the results of measurements for 5 WFAs af-
ter the 4th operation cycle, combined with the da-
tabase on the FAs after their 2nd and 3rd operation 
cycles, provide a suffi cient scope of operational 
data on FA elongation and bow, fuel rod and zirco-
nium grid radiation growth, and closure of fuel rod 
gaps with FA burnup in the range of 20.5 – 45.6 
MWd/kgU. 

The 3x-burnt WFA was selected for inspection 
because there are operational data obtained for it 
during the PIE in the outage of 2013. Therefore, 
the results of measurements obtained during 2014 
inspections will allow:
(1) to increase the operational database for con-

fi rmation of WFA design parameters with in-
creasing burnup and 

(2) to evaluate repeatability of measured radia-
tion-induced parameters of the WFA design 
elements after 3 operation cycles performed 
during the outage of 2013. 
Also, the location in the core for this 3x-burnt 

WFA and the results of shape and bow measure-
ments, combined with similar data obtained for the 
4th cycle WFAs, will allow evaluation of how burnup 
and local surrounding impact WFA deformation in 
the mixed core.

Actual fuel rod corrosion measurements were 
carried out for the fi rst time for ZIRLO claddings 
operated in the WWER-1000 coolant chemistry. To 
provide statistical data on the thickness and nature 
of oxide distribution on the fuel rod cladding, two 
(2) peripheral fuel rods with similar burnup were 
inspected for the 4th cycle WFAs.

For the 3x-burnt WFA 3 groups of peripheral 
fuel rods were selected for measurements to pro-
vide additional information about oxide thickness 
on the cladding and thickness variations over 
the fuel stack active part. These measurements 
supplement the data of similar measurements ob-
tained for the 4th cycle WFA fuel rods, and expand 
the database on ZIRLO oxidation in the burnup 
range of 30.6 – 48.4 MWd/kgU.
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Half Face Visuals
The Westinghouse camera system was used to 
perform half face visual inspections on fuel as-
semblies. These visuals were used to obtain rod-
to-nozzle gap and channel gap data.

Half face (5 to 6 rods) visuals were used to de-
termine fuel rod growth. The fuel assemblies were 
scanned using the camera system mounted on the 
XYZ inspection fi xture. Axial gaps between each 
peripheral rod and the assembly nozzles were 
measured from the videos to determine the fuel 
rod growth data.

The minimum total rod-to-nozzle gap was 30.1 
mm which is greater than the minimum allowable 
value of 22 mm and the calculated fuel rod growth 
data is consistent with the Westinghouse ZIRLO 
clad fuel rod growth database and the previous 
SUNPP PIE results.

Half face visuals were used to obtain fuel rod 
bow data. The fuel assemblies were scanned us-
ing the camera system mounted on the XYZ in-
spection fi xture. The channel spacing between 
each peripheral rod in Spans 1 through 15 was 
measured from the videos to determine the fuel 

rod bow data. 
The maximum percent channel closure for 

each fuel assembly is less than the maximum al-
lowable limit of 50% closure. The SU3 EOC-24 
data are consistent with previous SUNPP results. 

Fuel Assembly Length
Fuel assembly length and growth were determined 
by measuring the height difference between a 
known reference standard. The lengths were mea-
sured using the stainless steel instrument tube 
probe. A stainless steel length standard was used 
to calibrate the system. The probe was inserted 
into the fuel assembly instrument tube. The length 
was determined by calculating the difference be-
tween the measured standard and the measured 
fuel assembly data. 

The measured fuel assembly growth for each 
inspected fuel assembly is signifi cantly less than 
the maximum allowable value of 6.48 mm. The 
maximum average calculated FA growth is 1.97 
mm. The SU3 EOC-24 fuel assembly growth data 
are fully consistent with the Westinghouse data-
base and the previous SUNPP results.

Figure 3.1. WFA Inspections History Core Map
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RCCA Drag Force
RCCA drag was measured in the SFP with a spe-
cial tool that was used to grip the RCCA hub. A 
load cell and a signal conditioner were used to 
measure the drag, and the data were recorded on 
the data logger. 

The RCCA drag forces were less than the 
maximum allowable value of 8 kgf for the fuel as-
semblies that were in the Cycle 24 core, with a 
maximum of 5.3 kgf.

Studies have been carried out, using the West-
inghouse RCCA drag force database, to determine 
the risk for Incomplete RCCA Insertion (IRI) in con-
nection with a certain drag force. These studies in-
dicated that the overall drag work, which is the drag 
through a distance, could be used as an indicator 
for the incomplete RCCA insertion condition. It was 
determined that the risk for IRI could become po-
tential when the drag work exceeds 240 Nm. The 
drag work for all measured fuel assemblies in SU3 
is signifi cantly less than 240 Nm. The maximum is 
106 Nm. The maximum RCCA drag force measure-
ments are fully consistent with the Westinghouse 
RCCA drag force database with ZIRLO guide thim-
bles and with previous SUNPP results.

Fuel Assembly Bow and Twist
Half face visuals were used to determine the fuel 
assembly bow. The distance to the face of the grid 
edge was measured while the camera that was 
mounted on the XYZ inspection fi xture was moved 
in the Z direction. In the measurement process the 
Corner 5-6 (the corner between Faces 5 and 6) was 
positioned closest to the XYZ inspection fi xture to 
measure the bow on Face 4. The fuel assembly 
twist was determined from the rotation of the bot-
tom turntable with respect to the top nozzle, while 
inserting the fuel assembly into the workstation.

The measured fuel assembly bow was less 
than 10 mm with a maximum of 9.2 mm.

The measured twist was less than 3 degrees 
for all assemblies.

The SU3 EOC-24 bow and twist results are 
consistent with the Westinghouse database with 
ZIRLO guide thimbles.

Grid Growth
Grid growth data was obtained while the measure-
ment fi xture was on top of the workstation. The 
system used the ultrasonic transducers to obtain 
data. In the measurement technique, the data is 
obtained while either inserting or withdrawing the 
fuel assembly from the workstation. The fi xture 
clamp was used to hold the fuel assembly in place 

during the measurement process.
The grid growth is 0.22% and all grid growth 

results are consistent with the database for zirco-
nium grids.

Peripheral Fuel Rod Oxide
The eddy current (EC) lift-off technique was used 
to measure corrosion fi lms on fuel rod cladding. 
The technique measured the distance from the 
bare zirconium alloy metal surface to the EC probe 
(separated by the oxide thickness) as a voltage, 
and converts the voltage into the distance (oxide 
thickness) using a calibration curve established 
based on the reference. If heavy crud is observed 
on the fuel rod, an attempt must be made to brush 
off crud so the EC data corresponds to the true 
oxide layer since the EC lift-off technique cannot 
differentiate between oxide and crud.

The peripheral fuel rod oxide measurement 
technique was used to collect oxide data without 
removing fuel rods from an assembly, therefore, 
oxide thickness values were measured only at one 
azimuthal orientation of a fuel rod. In comparison, 
between two and eight azimuthal orientation mea-
surements are taken when using the single fuel 
rod oxide measurement technique.

The reported oxide values were averaged. Av-
eraging over 22.5 mm axial length sections is an 
accepted industry practice since these average 
values eliminate local oxide variations and they 
are more representative when compared to the 
models. 

The maximum measured value was 24 μm 
in WFA AB-2605, which is signifi cantly less than 
the maximum allowable values of 50 μm. The 
SU3 EOC-24 results are on the low side of West-
inghouse WWER oxide database, but it shall be 
noted that this database also contain oxide mea-
surements on rods with Zr-4 cladding. ZIRLO fuel 
rods do tend to accumulate less oxide thickness in 
comparison to Zr-4 fuel rods.

3.3. WFA Region Design Operational 
Experience and PIE Results in SU2

The fi rst region of 42 WFA was loaded in the SU2 
core in Cycle 24, 2011. During the EOC-24 out-
age in 2012 several WFAs were noted to have 
bent grid corners. These conditions were observed 
while performing visual inspections during the core 
offl oad. Rub marks on the bottom nozzle, top noz-
zle, and multiple faces of spacer grids were also 
observed. Debris was also noted on some of these 
fuel assemblies and a rod contact mark was noted 
on one fuel assembly. 
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Twenty-seven (27) 1x burnt WFAs were re-
loaded into the Cycle 25 core. Of the 15 fuel as-
semblies not loaded into the core; 3 had no dam-
age and are acceptable to use-as-is. Twelve (12) 
WFAs will need to be repaired. As a consequence 
of Ukrainian Regulator decision, no fresh WFAs 
were loaded in SU2 Cycle 25.

Due to the FA damages observed at EOC-24 it 
was required to carry out core offl oad and outage 
inspections at EOC-25 to evaluate the condition 
of the WFAs reloaded in the Cycle 25 core. All 27 
WFAs in the C25 core were twice-burned.

SU2 EOC 25 Core Offl oad Results
1. No additional fuel assembly damage was ob-

served on any of the irradiated fuel assem-
blies.

2. All twenty-seven (27) fuel assemblies were 
acceptable for re-use. Debris removal was 
recommended for 7 of the 27 fuel assemblies. 
One (1) fuel assembly requires a detailed in-
spection or should be used in a location with 
the damaged face facing the core baffl e.

Despite the conclusion that all 27 irradiated WFAs 
were in good condition, no WFA was reloaded into 
SU2.

SU2 EOC-25 Outage Results
Excellent irradiation fuel performance was ob-
served on the measured fuel assemblies. The total 
rod-to-nozzle gap, channel closure, fuel assembly 
growth, RCCA drag, and fuel assembly bow data 
were within the bounds of the Westinghouse expe-
rience database.

 ● The minimum total rod-to-nozzle gap is greater 
than the minimum allowable value of 22 mm. 
The calculated assembly-wise average per-
cent fuel rod growth from the EOC-25 at SU2 
is consistent with the Westinghouse ZIRLO 
clad fuel rod growth database, and the EOC-
22 SU3 results.

 ● The maximum percent channel closure is less 
than the maximum allowable limit of 50% clo-
sure. The SU2 data from the EOC-25 is con-
sistent with the data from WWER-1000 plant 
A, and the EOC-22 SU3 results.

 ● The measured fuel assembly growth is signifi -
cantly less than the maximum allowable value 
for a twice-burned fuel assembly of 6.48 mm.

 ● The growth percentages calculated are con-
sistent with the Westinghouse database of fuel 
assemblies with ZIRLO guide thimbles and the 

EOC-22 SU3 results.

 ● The RCCA drag forces for the 4 inspected 
WFAs were less than the maximum allowable 
value of 78 N (8 kgf). The SU2 EOC-22 RCCA 
Drag data are consistent with the Westing-
house database for fuel assemblies with ZIR-
LO guide thimbles.

4. Conclusions

 ● The UNFQP supplied LTAs as well as the sup-
plied reload batches of WFAs, have success-
fully demonstrated safe mixed-core operation. 
Twenty-six (26) UNFQP WFAs have com-
pleted their planned four cycles of operation. 
Thirty-six (36) WFAs continue to operate their 
fourth cycle in the SU3 Cycle 25 core.

 ● The spacer grids mechanical damages expe-
rienced during core loading of SU2 and SU3 
in 2012 is not an operational issue. The high 
lateral loads were caused by a combination of 
distortion and stiffness of the mixed core. No 
incremental grid damage has been observed 
on any WFA in any consecutive outage.

 ● To prevent further mechanical damages, 
Westinghouse has enhanced the WWER-
1000 design to increase lateral grid strength 
and to minimize the risk for harmful interaction 
between assemblies. The fi rst reload of the 
enhanced Robust Westinghouse WWER-1000 
Fuel Assembly has been loaded into SU3 in 
March-, 2015.

 ● All WFAs operated in the SU2 and SU3 cores 
have been subject to the standard leak testing 
process with all fuel rods found to be hermeti-
cally sealed and non-leaking.

 ● PIE for the WFAs has been completed after 
each cycle of operation. All assemblies have 
been examined for visible damage or non-
standard position of fuel assembly compo-
nents. In addition at each outage, six (6) WFAs 
have been subject to a more extensive inspec-
tion program. 

 ● Excellent irradiation fuel performance has been 
observed and measured on all WFA. The fuel 
assembly growth, RCCA drag forces, oxide 
thickness, total fuel rod-to-nozzle gap channel 
closure, and fuel assembly bow data were all 
within the bounds of the Westinghouse experi-
ence database.
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