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ABSTRACT 

Computations of power history effects on the pre-loss-of-coolant accident 

(LOCA) conditions of generic pressurized water reactor (PWR) and boiling water 

reactor (BWR) fuel rods were performed at Pacific Northwest Laboratory using 

the U.S. Nuclear Regulatory Commission (NRC) code FRAPCON-2. Comparisons were 

made between cases where the fuel operated at a high ( 11 LOCA-limited") power 

throughout life (20,000 MWd/MTU) and those where the fuel was at a lower power 

for most of its burnup and ramped to the high power at 10,000 or 20,000 MWd/MTU 

burnup. 

The PWR rod was calculated to have more cladding creepdown during the 

lower power cases, which resulted in slightly lower centerline temperatures 

(as much as lOOoC). This result was insensitive to the method used to increase 

the power during the ramps (i.e., by increasing the average rod power or by 

changing the peak-to-average (P/A} ratio of the axial power shape). The cal

culations also indicate that the highest fuel centerline temperatures were 

reached at startup. 

The BWR rod, however, demonstrated a substantial dependence on the power 

history. In this case, the constant high-power rod released considerably more 

fission gas than the lower power cases (21% versus 0.4%), which resulted in 

temperature differences of up to 350°C. The hiqhest temperature was reached 

at end-of-life (EOL) in the constant high-power case. 
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SUMMARY 

The objective of this Pacific Northwest Laboratory (PNL) program was to 

assess the impact of some power history assumptions on end-of-life (EOL) fuel 

temperature calculations and recommend appropriate assumptions for safety 

analysis. 

Two generic fuel rods were simulated with the U.S. Nuclear Regulatory 

Commission (NRC) audit code FRAPCON-2 to determine the effects of power his

tory assumptions on pre-LOCA fuel temperatures. The fuel rods chosen for the 

study correspond to a commercial pressurized water reactor (PWR) (15 x 15) 

design and a commercial boiling water reactor (BWR) (8 x B) design. The base 

case calculation for each rod was performed by extending the computer code to 

20,000 MWd/MTU at the "loss-of-coolant accident (LOCA)-limited" linear heat 

generation rate (LHGR). (a) Computer runs were made to simulate the behavior 

of each fuel rod at 0.5 and 0.7 times the peak power. At various burnups, the 

code then modeled ramps to the LOCA-limited LHGR (12.6 kW/ft and 13.4 kW/ft 

were chosen as typical values for the PWR and BWR rods, respectively}. The 

PWR rods were ramped in two ways: by increasing the average power or by modi

fying the peak-to-average (P/A) ratio. The BWR rods were ramped by raising 

the average power to the LOCA-limited peak. 

The PWR calculations gave very similar results regardless of the power 

history or method of ramping. The final temperature of the constant high

power case was higher than for the rods run at low powers and then ramped. 
This difference was less than lOOCC and apparently resulted from increased 

cladding creepdown that was calculated to occur early in the life of the low

power rods. The lower power rod experienced more creepdown than the hiqher 

power rod because fuel thermal expansion was less; thus, more cladding creep

down was allowed before the fuel supported the cladding. 

(a) The highest power licensable due to considerations of potential cladding 
temperatures during a postulated LOCA. 
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The BWR rod showed a definite power history effect. The most signif·icant 

disparity between the high- and low-power cases occurred in the fission gas 

release fraction (21% versus 0.4%). Temperatu~es calculated in the low-power 

case ranged from 15o'c at 10,000 MWd/MTU to 35o'c at 20,000 MWd/MTU less :han 

the temperatures calculated for the constant high-power case. 
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INTRODUCTION 

Steady-state fuel performance codes like FRAPCON-2, {l) a U.S. Nuclear 

Regulatory Commission (NRC) audit code, have their major impact on loss-of

coolant accident (LOCA) analysis. Fuel rod temperatures, which are calculated 

as the starting point for the emergency core cooling system (ECCS) analysis, 

have a dominant effect on LOCA peak cladding temperature and are subject to 

large variations due to power history effects. The power history assumptions 

vary from vendor to vendor~ therefore, there is a need to review some of the 

vendor assumptions to confirm their adequacy. 

In reviewing safety analyses as part of the licensing of nuclear power 

plants, the NRC performs calculations of fuel parameters and response using 

fuel performance computer codes. The predictions of these codes are dependent 

on not only the conditions at the time of a hypothetical accident but also the 

conditions prior to the event. The purpose of this Pacific Northwest Labora

tory (PNL)(a) proqram was to provide assistance in determining power history 

effects in fuel performance codes used for plant safety analyses. 

Generic pressurized water reactor (PWR) and boiling water reactor (BWR) 

fuel rods were simulated using FRAPCON-2 to determine the effects of certain 

power history assumptions on pre-LOCA fuel temperatures. The base case cal

culation for each rod was performed by extending the computer code to 

20,000 MWd/MTU at the LOCA-limited linear heat qeneration rate (LHGR). Com

puter runs simulated the behavior of each fuel rod at 0.5 and 0.7 times the 
peak power. At various burnups, the calculations then modeled ramps to the 

LOCA-limited LHGR. 

The remainder of this report consists of the conclusions that were 

reached and a presentation of the approach that was used, the results that 

were obtained, and a discussion of those results. The appendix contains 

power history data and code output for the generic PWR and BWR rods. 

(a) Operated for the U.S. Department of Enerqy (DOE) by Battelle Memorial 
Institute. 
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CONCLUSIONS 

The results calculated by FRAPCON-2 showed that the specific choices of 

power history had very little effect on the EOL centerline temperatures for 

the PWR cases. In all PWR cases, the fuel rod was predicted to reach its 

highest temperature at beginning of life (BOL). The method of ramping the 

fuel rod--changing the peak-to-average (P/A) ratio or increasing the average 

power--did not influence the results. 

The BWR cases, however, demonstrated a significant dependence upon power 

history. The constant high-power rod released considerably more fission gas 

than the lower power cases; this resulted in EOL temperatures that were as 

much as 350°C higher for the constant high-power case. 

It appears that in the case of PWR fuel the method of modeling fuel per

formance by operating the fuel at typical commercial powers (6 to 9 kW/ft) and 

then ramping to the peak licensable LHGR may be a suitable substitute fDl~ cal

culatinq fuel thermal performance by modeling a constant high-power history. 

For the BWR, however, the constant high-power history case was more conserva

tive at hiqher burnup conditions than the low-power/ramp technique. Althouqh 

this does not necessarily invalidate the low-power method, it does indicate 

that more work would be necessary to assess which power history is more. l~eal

istic with respect to licensing for modeling commercial fuel performance. 
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ANALYSIS OF POWER HISTORY EFFECTS 

This section includes a description of the approach that was used in the 

analysis, a presentation of the results, and a discussion of those results. 

APPROACH 

Representative power histories consisted of operation at a fixed power 

level followed by an instantaneous increase to a LOCA-limited peak power at 

which critical output parameters (e.g., volume average fuel temperature, rod 

internal pressure) were calculated. The calculational matrix included two 

fuel designs--a PWR 15 x 15 and a BWR 8 x 8 desiqn(a) __ three steady-state 

power levels--0.5, 0.7, and 1.0 times the fuel rod LOCA-limited peak power 

level. The power was increased by changing the rod average power while main

taining a constant P/A power ratio for both PWR and BWR cases. An additional 

set of cases was produced by changing the axial power distribution for some 

special PWR cases. 

The specific cases used to assess the impact of power history assumptions 

on LOCA-limited fuel temperature cladding calculations were as follows: The 

power history effects on pre-LOCA conditions were computed for a generic 15 x 

15 PWR fuel rod with a peak LHGR of 12.6 kW/ft(b) and a steady-state pre-LOCA 

LHGR of 8.8 kW/ft (0.7 times the peak LHGR) and 6.3 kW/ft (0.5 times the peak 

LHGR) for burnups of 26 MWd/MTU (i.e., SOL), 10,000 MWd/MTU, and 20,000 MWd/MTU 

using the FRAPCON-2 code with FRACAS-2 mechanical model and the ANS 5.4 fission 

gas release model. A special case was conducted with a steady-state pre-LOCA 

LHGR of 8.8 kW/ft for a burnup of 2000 MWd/MTU. In all cases, the power was 

ramped to 12.6 kW/ft at the specified burnup. The computer outputs are tabu

lated in Appendix A. 

Similar computations were conducted for a generic 8 x 8 BWR fuel rod with 

a peak LHGR of 13.4 kW/ft(b) and a steady-state pre-LOCA LHGR of 9.4 kW/ft 

(0.7 times the peak LHGR) and 6.7 kW/ft (0.5 times the peak LHGR) for burnups 

of SOL, 10,000 MWd/MTU, and 20,000 MWd/MTU. 

(a) See Reference 2 for physical descriptions of the fuel rods. 
(b) Peak power values were chosen to represent typical PWR and BWR 

LOCA-limited LHGRs. 

3 



Computations were made for conditions of constant P/A power ratios of 

1.2 (PWR) and 1.3 (BWR). The power was increased at the specified burnup by 

increasing the rod power and maintaining the same P/A power ratios. An alter
nate method of power ramping to LOCA conditions--maintaining a constant rod 

average power but altering the axial power distribution to enable attainment 

of the LOCA conditions in a segment of the rod--was performed for PWR burnups 

at BOL, 10,000 MWd/MTU, and 20,000 MWd/MTU with pre-LOCA power of 8.8 kW/ft 

(0.7 times the peak LHGR}. The power histories for these cases are also 

described in the appendix. 

The FRAPCON-2 code, which is described in Reference 1, is a steady-state 
model developed jointly by EG&G Idaho( a) and PNL for the Fuel Behavior 

Research Branch of the NRC. The FRACAS-2 mechanical subcode was selected to 

compute the fuel-cladding interactions, while fission gas release was computed 

with the ANS 5.4 option. FRACAS-2 uses the effective fuel conductivity and 

the relocated fuel-cladding gap size for thermal calculations. The relocated 
fuel surface is used in the mechanics calculations. A model is included for 

time-dependent hot pressing of misaligned fuel fragments. The FRAPCON-2 code 

includes cladding creepdown under the external pressure of the coolant. Code 
verification is presented in References 3 and 4. The selection of code options 

as described in Reference 1 for these computations is presented in Table 1. 

(a) Idaho National Engineering Laboratory is operated for DOE by EG&G Idaho, 
Inc. 
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TABLE 1. Computer Code Input 
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RESULTS 

The results of the base test matrix for both PWR and BWR generic cases are 

listed in the Appendix (Tables A.l through A.l5) for constant P/A power ratios, 

and the results for the 15 x 15 PWR cases are plotted in Figure 1. The power 

ramps executed at SOL from the 0.5 pre~LOCA power level ended precisely on the 

1.0 power level curve and passed through the 0.7 level curve during the r3mp. 

The 0.7 case also ended precisely on the 1.0 level curve. 

At 2000 MWd/MTU, the 0. 7 case fell short of reaching the 1.0 level curve 

by approximately 25°C. At 10,000 MWd/MTU, the 0.5 case fell short of reaching 

the 0.7 level curve during the transient by approximately ls"c and fell short 

of reaching the 1.0 level curve at the end of the transient by approximately 

lOO"C. The 0. 7 case fell short of reaching the 1.0 case by approximately 

45,C. At 20,000 MWd/MTU, the 0.5 case fell short of reaching the 0. 7 level 

curve during the transient by approximately l0°C and fell short of reaching 

the 1.0 level curve at the end of the transient by approximately 95"C. The 

0.7 case fell short of reaching the 1.0 level curve at the end of the tran

sient by approximately 50"C. The fuel centerline temperatures in Figure 1 

were predicted to decrease by 100 to 150"c within the first 10,000 MWd/MTU 

and then to stabilize during the second half of the computational period 1:to 

20,000 MWd/MTU). 

The results for the 8 x 8 BWR cases are plotted in Figure 2. The 

0.5 case at BOL passed through the 0.7 curve during the ramp to the 1.0 level 

curve with which it agreed precisely. 

1.0 curve after being ramped at BDL. 

The 0.7 case agreed precisely with the 

At 10,000 MWd/MTU, the 0.5 case fell 

short of the 0.7 curve by so"c as it was being ramped to the 1.0 curve whE~re 

it fell short by 190,C. The ramped 0.7 case fell short of the 1.0 curve by 

!OO,C. At 20,000 MWd/MTU, the 0.5 case fell 50,C short of the 0.7 curve as it 

was being ramped to the 1.0 level where it fell short by 390"C. The 0. 7 case 

fell short by 280"C of the 1.0 curve at the end of its ramp. The fuel center

line temperatures in Figure 2 were predicted to decrease by 100 to 140"C within 

the first 10,000 MWd/MTU and then to stabilize during the second half of the 

computational period, except for the steady-state case, at 13.4 kW/ft. In 

this case the centerline temperature increased by 200"C during the second half 

of the computational period. 
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The results of power ramping while maintaining a constant rod average 

power and altering the axial power distribution are shown in Figure 3. At 
10,000 MWd/MTU, the predicted fuel centerline temperature at the end of the 

ramp was low by 50°C with respect to the constant power 12.6-kW/ft curve. 
After the ramp at 20,000 MWd/MTU burnup, the predicted centerline temperature 
was 40°C below the constant power 12.6-kW/ft curve. 

DISCUSSION 

This discussion is directed toward developing the physical bases for the 
predicted effects of power history on the pre-LOCA fuel centerline temperature 
in Figures 1 to 3 and the predicted trends with burnup. 

For the 15 x 15 PWR rod, the decrease in predicted fuel centerline tem
peratures that predominantly occurs prior to 7500 MWd/MTU is associated with 
cladding creepdown. This is characterized by the third from the last column 

of the appendix tables titled "CLAD RADIUS (%) PERM." A close correspondence 
between the trends of the numbers in this column with the predicted decreas
ing centerline temperature is apparent in Tables A.1, A.3 through A.5, A.9 

through A.12, and A.16 through A.18. The inability of the computed fuel cen
terline temperatures after a power ramp to reach the peak temperatures of the 

12.6-kW/ft curve shown in Figure 1 and 3 is attributed to the greater extent 
of creepdown that occurs in the larger hot gap associated with the lower power 
cases, e.g. -0.4% versus -0.9% creep in Case 1 versus Cases 4 and 5. The 
creepdown increases the thermal conductance due to smaller fuel-to-cladding 
radial gaps. Beyond 7500 MWd/MTU, fuel swelling and cladding accommodation 
establish stability in the predicted fuel centerline temperature. 

The initial increase in predicted centerline temperature for the BWR 

cases shown in Figure 2 is associated with fuel densification determined by 
inspection of the columns of data in Tables A.2, A.6 through A.8, and A.13 

through A.15. This initial increase is followed by a significant decrease 
that is associated with cladding creepdown. The fuel centerline temperatures 

stabilize for peak burnup values above 10,000 MWd/MTU in the low-power cases 
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but not for the constant power 13.4-kW/ft case (see Table A.2). The tempera
tures associated with this case are sufficiently high to permit extensive 
release of fission gas, which reduces the gas conductivity of the gap and 
results in a significant predicted increase in fuel centerline temperature 

beyond 10,000 MWd/MTU. Except for power ramps occurring at BOL (before the 
onset of cladding creepdown), all power ramps lead to predicted fuel center
line temperatures that are below the higher power cases. 

An independent demonstration of the influence of cladding creepdown is 

displayed in Figure 4. The data used for FRAPCON-2 in Tables A.1 and A.12 
were also used for GAPCON-2 as described in Tables A.19 and A.20. One of the 

primary differences between FRAPCON-2 and GAPCON-2 is that GAPCON-2 is a 

creepdown-deficient code. When the predictions of the two codes are compared 

(see Figure 4), it can be seen that GAPCON-2 does not predict the decreasing 
fuel centerline temperature that has been attributed to cladding creepdown. 

The level of creepdown predicted for 0.5 and 0.7 times the LOCA-limited 
peak power level is on the order of 0.9% and stabilizes after a burnup of 

approximately 8000 MWd/MTU. This level of creepdown agrees with the 0.9% 
creepdown reported for light water reactor {LWR) fuel rods for burnups up to 
40,000 MWd/MTU. (5) 
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TABLE A.l9. GAPCON-2 Prediction for 15 X 15 with 12.6 kW/ft to 20 GWd/MTM. P/A = 1.2 
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