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Abstract  
 
In 2010 the South Ukraine Nuclear Power Plant (SUNPP) Unit 3 began operations with a mixed 
core after being loaded with fuel assemblies from different fuel suppliers, and consisted of the 
types TBS-M, TBS-A and WFA.  Approvals to operate in this regime complied with established 
regulatory conditions of Ukraine, and included detailed analyses and safety substantiation 
documentation.  While small scale compatibility of a mixed core has been demonstrated during 
previous operating cycles at SUNPP, core design activities for larger scale mixed core operation, 
with no less than 42 fuel assemblies of each type, needed to be more rigorous in areas such as 
peaking factors, yet broader in scoped in areas influenced more by the quantity of fuel assemblies.  
The effects of design differences in the application of integral fuel burnable absorbers and of the 
differences in hydraulic loss coefficients are such examples.  Extensive analyses were also made 
to demonstrate the applicability of the suite of nuclear design codes to predict the core neutronic 
characteristics for the cases of partial or full cores of either fuel type.  The nuclear and thermal-
hydraulic analyses were made for the transition cores and for full cores of the expected new core 
composition. 
 
This paper presents the nuclear and thermal-hydraulic design parameters for the WFA fuel 
assembly, a description of the transition and equilibrium cycles, the results of comparisons 
between predicted and measured mixed core neutronic parameters, and with special attention to 
critical boron concentration, reactivity coefficients, rod worth, axial offset and peaking factors.  
This paper also describes briefly the approach taken to define core design limits for the WFA fuel 
assembly during a mixed core operation due to the difference in hydraulic loss coefficients with 
the other resident fuel assemblies.  In addition, the application of an improved 3-D transient 
analysis method for reactivity initiated accidents evaluations is presented.  The results to-date 
concludes that the cycle specific safety analyses, as confirmed by the actual core operations with 
different types of fuel assemblies, have meet all design and regulatory requirements. 



 
1. Introduction 

 
In 2010, 42 Westinghouse fuel assemblies (WFAs) were loaded into the core of South 

Ukraine Nuclear Power Plant (SUNPP) Unit 3 after four successful cycles with 6 Westinghouse 
Lead Test Assemblies. The scope of safety substantiating documents required for the regulatory 
approval of this mixed core was extended considerably, particularly with development and 
implementation of new methodologies and 3-D kinetic codes. Additional verification for all 
employed codes was also performed. 

Despite the inherent hydraulic non-uniformity of a mixed core, it was possible to 
demonstrate that all design and operating restrictions for three different types of fuel (TVS-M, 
TVSA and WFA) loaded in the core were conservatively met. 

This paper provides the main results from the first year of operation of the core loaded 
with 42 WFAs, the predicted parameters for the transition and equilibrium cycles with WFAs, 
comparisons of predicted versus measured core parameters, as well as the acceptable margin 
evaluation results for reactivity accidents using the 3-D kinetic codes. To date WFA design 
parameters have been confirmed by operation experience. 

 
2. Verification of Design Methodologies 

 
The mixed core composed of several fuel types was designed using Westinghouse 

developed methodologies and computer codes. The key core nuclear parameters were measured at 
Hot Zero Power (HZP) and throughout the operating cycle. The data thus obtained was compared 
against the predicted ones (see Figure 1 and Figure 2). In addition, a large amount of work was 
completed to qualify the nuclear design calculation system. This effort included the following: 
• Comparison of predicted nuclear design characteristics and measured data against plant data 

for cores fully or partially (more than ¾) loaded with TVSA type fuel. 
• Comparison of predicted fuel assembly (FA) peaking factors with Monte Carlo calculations 

performed using the MCNPX code. 
 

Table 1 provides mean square deviations for predicted and measured nuclear parameters 
based on the data from 8 different fuel cycles.  
 
Figure 1. Deviation of Predicted and Measured Isothermal Coefficient and Сritical 

Boron Concentration at HZP 
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Figure 2. Deviation of Predicted and Measured Assembly Relative Power (Kq) and 
Axial Nodal Peaking Factor (Kv) in Neutron String Locations 

SUNPP-2, Cycle 20
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Тable 1. Mean Square Deviations of Predicted and Measured Nuclear Parameters 
 

Parameter Designation Unit Mean square 
deviation 

Critical boron concentration (at HZP) СВcr g/kg 0.24 
Moderator temperature coefficient (fuel + 
moderator) ∂ρ/∂t 10-3 %/°С 0.94 

Boron reactivity coefficient ∂ρ/∂C %/g/kg 0.11 
Lead Bank worth ∆ρLead Bank % 0.06 
Trip reactivity ∆ρtrip reactivity % 0.61 
Lead Bank differential worth ∂ρLead Bank /∂Н 10-3 %/cm 0.29 

 
The predicted and measured power distributions were compared against the data from 

several fuel cycles. The experimental data was obtained from standard In-Core Monitoring 
System rhodium detectors. The results of the analysis on the totality of data demonstrated that: 
• Within the ± 0.04 range, the predicted and measured axial nodal peaking factors (КV) agree 

within 95%. 
• Within the ± 0.02 range, the predicted and measured assembly relative power (Kq) agree 

within over 95% (for Kq=1.35 the calculation uncertainty does not exceed 1.5%). 
The mean square deviation for the fuel rod relative power for ANC-H/PHOENIX-H and 
MCNPX codes, and accounting for burnup, does not exceed 0.008. 

 
3. Operational Results of the 42 WFA 

 
In 2010, 42 WFAs were loaded into the SUNPP Unit 3 core and successfully operated 

during the entire cycle. The fuel cycle length was 270.3 Effective Full Power Days (EFPD). Due 
to the restrictions imposed by grid requirements the unit was operated at low power part of the 
cycle. The core loading pattern is shown in Figure 3. The WFAs are designated as 362VG and 
334WG in the figure, other designations correspond to regular resident fuel designations (TVS-M 
and TVSA). 
 During operation, core monitoring was done by the resident plant systems. The 
comparison of measurements and predictions for the critical boron concentration, power 
distributions throughout the cycle, control bank worth and reactivity coefficients at HZP showed 
that the differences were within the calculation methodology uncertainties. 



 Core monitoring was done by the in-core monitoring system based on the self-powered 
detector (SPD) measurements using a BEACON hardware and software set. At the insistence of 
Ukrainian regulator, the BEACON system was additionally tested and demonstrated to have 
reliable operation even with less than the four reactor coolant loops in operation. 
 The maximum peaking factors calculated by BEACON during the cycle are provided in 
Figure 4. 
 
 
Figure 3. Core Loading Pattern with 42 WFAs 

 

 
 



Figure 4. Maximum Cycle Peaking Factors 
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The coolant activity during the cycle was within the operating limits and had sufficient 

margin in terms of total specific I131-135 activities. 
The fuel rod leakage analyses conducted during reactor operation identified a "minor gas 

leakage" defect. During the 2011outage, the fuel rod leakage test based on statistical analysis of 
sample activities resulted in a decision to remove one three-times-burnt non-WFA from the core. 
 In accordance with Pilot-Commercial Operation Program for the 2011 outage, the WFAs 
were visually examined and inspected. The scope and the results of the inspections are 
summarized below: 
 
Inspection Type Results 
WFA drag force Drag force did not exceed 50 kgf. One FA had 

the maximum drag force of ∼80 kgf 
Drag force during WFA loading into the core Drag force did not exceed 75 kgf. For a number 

of FAs in the central zone the drag force 
reached 150 kgf 

WFA top nozzle axial difference Did not exceed 5 mm after the first operating 
cycle 

RCCA drop time Maximum control rod drop time throughout 
cycle – 2.1 sec 

RCCA drag force during loading 
into/withdrawal from the WFA 

Within specified limits, not exceeding 4 kgf 

Leakage test No leaking fuel rods were identified 
WFA visual inspection No damage was identified preventing further 

WFA operation 
 
 

4. Design of Fuel Cycles with WFA and the Equilibrium Cycle 
 

 For the transition cycles, and mixed cores where several types of fuel are operated 
simultaneously, the initial core limits and safe operation conditions are implemented. The core 
with WFAs at the SUNPP-3 is refueled in accordance with the current practice established at 



Ukraine's NPPs. The enrichment and profiling of WFAs for transition cores takes into account the 
following factors: 
1. Assurance of core power requirements; 
2. Nuclear compatibility and interchangeability with the current TVSA inventory; 
3. Meeting all design restrictions for all jointly operated fuel types; 
4. Power reduction in the hot WFA channel due to the hydraulic irregularity of the core; 

 
The transition and the equilibrium cycles with an annual feed of 42 WFAs were also 

developed. 
 
Figure 5 provides fuel burnup parameters for the transition and the equilibrium cycles with 

WFAs. Figure 6 provides core power and burnup distributions at the equilibrium beginning of 
cycle (BOC) with TVSA and WFA. Table 3 compares parameters of equilibrium WFA and TVSA 
cycles. As follows from the comparative table, the key nuclear parameters, used in the safety 
analysis for the equilibrium cycle with TVSA and WFA are very similar. 

 
Figure 5. Fuel Burnup for the Transition and the Equilibrium Cycles 
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Figure 6. Core Power Distribution and FA Average Burnup for the Equilibrium BOC 
 

     
 
Table 3. Key Parameters of Fuel Cycles with WFA and TVSA (with Annual Feed of 42 

WFAs) 
  

Equilibrium cycle 
Parameter 

WFA ТVSА 

Number of FAs per feed, pcs. 42 42 
UO2 weight in FA, kg  551 495 
Average enrichment of feed fuel; U235 w/o 3.76 4.26 
Cycle length, EFPDs  300.4 295.4 
Maximum burnup of unloaded FAs 
MW×D/tU  49389 51800 

Maximum Kq 1.326 1.331 
Maximum Kr 1.430 1.437 
Maximum Ko 1.845 1.658 
Reactivity coefficients  
∂ρ/∂tm at HZP, BOC, [10-5/°C]  -4.81 -4.51 
∂ρ/∂γ at HZP, BOC, [%/(г/см3)] 2.79 2.61 
∂ρ/∂tU at HZP, BOC, [10-5/°C] -3.017 -2.941 
Bank 10 worth at HFP 
∆ρLead Bank BOC, % 0.76 0.80 
∆ρLead Bank end of cycle (EOC), % 0.76 0.76 
Trip reactivity with the highest worth RCCA withdrawn at HFP 
∆ρtrip reactivity. BOC, % 7.804 7.568 
∆ρtrip reactivity EOC, % 7.579 6.994 

 



 
5. Use of 3-D Analysis for Reactivity Accidents 
 
 The generally accepted approach to analysis of design basis initiating events (IE) implies 
performance of bounding analysis where key parameters are selected conservatively. For the 
majority of IEs with reactivity measurement the analysis was done conservatively using the point-
kinetic model (1-D). However, at the insistence of the Ukrainian regulatory body, this group of 
IEs for the cores with WFAs was evaluated using 3-D kinetics codes. Utilization of 3-D analysis 
has both its advantages and disadvantages. On the one hand, the use of 3-D analysis allows for the 
exclusion of excessive conservatisms of the 1-D analysis. On the other hand, 3-D analysis 
requires a specific core configuration with specific characteristics which may restrict its 
applicability for other core configurations. 

3-D kinetics transients were analyzed with NESTLE [1]. The VIPRE code [2] was used to 
evaluate the fuel parameters in the core hot channel. Verification calculations were done for the 
use of NESTLE in the analysis of WWER-1000 cores [4]. A methodology for conservative 3-D 
rod ejection analysis for the WWER-1000 reactors, including transition and equilibrium cycles 
with WFAs, was developed and concurred by the Ukrainian regulator. LOFTRAN/RELAP5, 
NESTLE and VIPRE were jointly used for the IEs “Startup of Previously Inactive Loop” and 
“Inadvertent Rod Withdrawal”. 

Figures 7 and 8 show core power distributions for the IEs “Rod Ejection” at BOC and 
“Startup of Previously Inactive Loop” in addition to 3 operating loops at EOC, calculated by the 
NESTLE code. Despite the fact that the analysis was done for a specific core configuration, 
certain steps were taken to make the analysis bounding and ensure sufficient conservatism. The 
analyses used actual axial power shapes. 

The use of 3-D analysis for IEs helped reduce excessive conservatism of the 
methodologies based on 1-D kinetics and assumptions which provide for a bounding analysis and 
perform realistic yet conservative evaluation of acceptance criteria margins. This 3-D evaluation 
will enhance the efficiency of WWER fuel operations. Table 4 compares the Rod Ejection 
Accident parameters evaluated using 1-D and 3-D methodologies. It is clear from this data that 
the 3-D analysis allows to significantly increase the fuel safety criteria margin and at the same 
time provide for sufficient conservatism in the analysis. 
 
Table 4. Comparison of 1-D/3-D analysis of Rod Ejection Accident at Hot Full Power 
 

Parameter 1-D 3-D 

Maximum fuel temperature,°С 2528 1777 
Maximum cladding temperature,°С 1069 585 
Radial average peak fuel enthalpy, J/g 622.2 340 

 



Figure 7. Core Power Distribution during Rod Ejection Accident (08-35) at HFP 

 
Figure 8. Core Power Distribution during Startup of Previously Inactive Loop in 

Addition to 3 Operating Loops 

 
 



6. Conclusions 
 

Ukraine is successfully implementing the qualification of alternative nuclear fuel. WFAs 
continue to be operated in the SUNPP Unit 3 core and operational results confirm the adequacy of 
the WFA design parameters. 

Safety substantiations for the WWER-1000 core with WFA reload batches have been 
prepared. The transition cycles and the equilibrium cycle with an annual feed of 42 WFAs has 
also been developed. The nuclear parameters of the equilibrium cycle with WFAs are similar to 
those of the annual fuel cycle with TVSA currently being operated at Ukraine's NPPs with 
WWER-1000.  

Mixed cores were designed using Westinghouse codes and methodologies which allowed 
the performance of a thermal-hydraulic and nuclear design of the core that ensures that safety 
criteria are met. The employed codes and methodologies have been continuously verified based 
on the operational data. 

Based on the safety substantiation analysis that has been performed and the positive 
operational experience, it can be stated that safety limits and conditions for the various types of 
fuel jointly operating in the mixed core are being met. 
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