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Abstract

A study on the establishment of channel-specificchannel and bundle power limits for a CANDU 6
plant in Rep. of Korea was done.Rationale for the establishment of channel-specificchannel and
bundle power limits and the selection of single channels for detailed safety evaluation, and the results
of LOCA analysis with established channel and bundle power limits are included in this paper. A
safety evaluation, with final limits for channel-specificchannel and bundle powers,shows that the times
to reach acceptance criteria are very close to each other for nine selected single channels in accordance
with the basic principles for the establishment of channel and bundle power limits.

1. Introduction

Currently a single power limit for all 380 channels in the core (channel power limit of 7.3
MW and bundle power limit of 935 kW) is specified in the plant technical specification of
Wolsong nuclear power plants. This single channel and bundle power limit was established to
ensure the safety of high power channels located in the central region of the core. Each fuel
channel has a different power and flow in order to have similar fluid conditions at the outlet.
Thuslow power channels have a lower flow and therefore should have a lower limit for
channel power and bundle power.

Channel-specificchannel and bundle power limits have been used in Canada from the 1990s.
The application of similar approach is also considered in Korea. This paper includes the
rationale for the establishment of channel-specificchannel and bundle power limits, the
selection of single channels for safety evaluation, and the results of safety evaluation with
established channel and bundle power limits.

2. Channel-specificChannel and Bundle Power Limits
2.1 Channel-specific Channel Power Limits for Full Power Operation

Channel-specific channel power limits for full power operation are established based on two
criteria. The first criterion is to give the same margin to fuel dryout during normal operation.
The channel power limit by this criterion is determined from the following equation:

CPL; = Min [(7.3 * CCP;/CCP.y1), 7.3] (1)

Where:
CPL; = channel power limit of channel i (limited to7.3 MW)
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CCP; = critical channel power of channel i for nominal flux shape
CCP_1; = critical channel power of channel L11 for nominal flux shape.
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Figure 1Channel-specific channel power limits (kW).

The second criterion is the prevention of fuel dryout for moderator inventory drain events for
reactors having only one effective trip parameter for this event. The channel power limit by
this criterion is determined from the following equation

CPL™ = CCP;/DCP; (2)
Where:

CPL;™ = channel power limit of channel i for moderator inventory drain events (which can
cause a top-to-bottom flux tilt)

DCP; = maximum channel power of channel i,normalized to initial power,during moderator
inventory drain events (DCP;>1.0).

The channel-specific channel power limit selectsthelower value from Equations (1) and (2).
Figure 1 shows the channel-specific channel power limits established by above rationale for
CANDU 6 reactors.

2.2 Channel-specific Bundle Power Limits for Full Power Operation
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2.2.1 Bundle power limits by dryout margin and moderator draining

Channel-specific bundle power limits could be established by the same rationale for channel
power limits. Figure 2 shows thechannel-specific bundle power limits established for
CANDU 6 reactors.
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Figure 2 Initial bundle power limits (KW).

2.2.2 Consideration of bundle enthalpy rise for bundle power limits

Initially Figure 2 was used as the reference for safety analysis. However, some channels showed
difficulties meeting the trip coverage acceptance criteria for some events, with channel powers
above the corresponding channel power limits (Figure 1) and bundle power limits (Figure 2). It
was found that channels with a high maximum bundle enthalpy rise (bundle power limit divided
by channel flow) had difficultiesproviding therequired trip coverage for some events.

It was decided to consider an additional constraint, maximum bundle enthalpy rise, to the bundle
power limits since the operational margin to bundle power limits is higher than that to channel
power limits. Low power channel E3 has a high maximum bundle enthalpy rise but meets the
trip coverage acceptance criteria. So, channels O6 (highest power channel) and E3 are selected as
the reference channels to generate a correction factor to limit the channel power based onthe
channel-specific bundle power limits, which are based on the maximum allowable bundle
enthalpy rise.
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Figure 3 Bundle power limits by maximum bundle enthalpy rise (kW).

For full power operation, channel O6 has a time-averaged channel power of 6,559 kW, a bundle
power limit of 935 kW and a channel flow of 25.45 kg/s. So, the maximum bundle enthalpy rise
of channel O6 is 36.74 kJ/kg (=935/25.45). The channel-specific bundle power limit, based on
maximum bundle enthalpy rise and time-averaged channel power, can be expressed as

BPL; = 36.74 W, * F; * (6559/TACP;) (3)

Where:
BPL; =bundle power limit of channel i (kW)
W; = flow of channel i (kg/s)
Fi= correction factor of channel i
TACP; = time-averaged channel power of channel i (KW).

Channel E3 has a time-averaged channel power of 3,249 kW, a bundle power limit of 622.7 kW
and a channel flow of 13.77 kg/s.The correction factorF; for channel E3, derived from Equation
(3),is 0.6097. By assuming a linear relationship based only onTACP;, between the time-averaged
channel powersof channels O6 and E3, the correction factor for channel iis given by

Fi =0.6097 + (1.0-0.6097) (TACP;— 3249) / (6559 — 3249) (4)
=0.2266 + 1.179x10™ TACP;

From Equations (3) and (4), channel-specific bundle power limit (kW) is given by a function of
time-averaged channel power (kW) and channel flow (kg/s);

BPL; = 36.74 W; * (0.2266 + 1.179x10™*TACP; ) * (6559/TACP;) (5)
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Figure 3 shows the channel-specific bundle power limits generated by Equation (5). By selecting
the lowestvalue fromFigures 2 and 3, the final channel-specific bundle power limits are
determined and shown in Figure 4.
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Figure 4 Channel-specific bundle power limits (kW).

3. Selection of Single Channels for Detailed Analysis

A logical approach is necessary to select typical single channels for detailed safety analysis.
Single channels for detailed safety analysis are selected within the core pass 4 (95 channels
between reactor inlet header 8 and reactor outlet header 5) because the core pass 4 is assumed
as the critical pass in all accidents.

Figure 5 shows the channel enthalpy rise at the channel power limit (channel power limit
divided by channel flow). Low power channels running at thechannel power limit have a
higher channel enthalpy rise (higher outlet quality) since the channel power limits were
established to have the same dryout margin.Of the channels with similar time-averaged
channel power, channels with a higher channel enthalpy rise have a higher probability of fuel
dryout. High power channel L11 and low power channel L1 are selected based on the channel
enthalpy rise.
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Figure 5Channel enthalpy rise at channel power limit (kJ/kg).
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440 408 389 380 374 363 339 332 334 346 345 333 330 338 362 374 380 389 408 440
427 403 390 380 372 346 345 350 359 360 349 345 343 373 380 390 403 427
454 426 405 390 379 367 352 346 351 348 345 349 368 379 390 405 425 450
447 426 404 389 381 376 370 376 376 367 376 381 389 404 426 444
428 423 401 397 389 386 386 386 386 389 397 397 421 424
417 413 417 401 400 405 404 396 399 413 411 413
420 416 428 424 414 416

S<cHwnw®»OTVOZEZrx-~IOmTMmMmOUNWD>»
S<CcHw»®»OVOZEZTrx"R-IOmTTmMmOUON®D>

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22

Figure 6 Maximum bundle enthalpy rise at bundle power limit (kJ/kg).
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Figure 6 shows the maximum bundle enthalpy rise (bundle power limit divided by channel
flow). The higher bundle enthalpy rise indicates a higher possibility of fuel dryout. High
power channels L11 and G5, and low power channel E3 are selected based on bundle
enthalpy rise.

The elevation of channels in the core is also considered. Fuel channels located at the top and
bottom ofthe core have similar low powers, but the lengths of their inlet and outlet feeders are
quite different. Low power channels A9 (top with shortest feeder) and W10 (bottom with
longest feeder) are selected based on core elevation and feeder geometry.

Feeder pipes are connected to a reactor inlet or outlet header at three elevations along the
surface of header. This connection elevation results in a different effect when flow
stratification occurs in the header. During the period of flow stratification, fuel channels with
feeder pipes connected to a header above the water level receive only steam, which gives a
higher possibility of fuel dryout and heat up. High power channel S10 and low power channel
W10 are selected since their feeder pipes are connected to their headers at highest elevation.

The ratio of bundle power limit to channel power limit indicates that the channel power
peaking with channel and bundle power limits is assumed to occur at the same time. Fuel
channels with a higher power peaking have a higher possibility of fuel dryout. Channels V11
and W10 are selected based on power peaking.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 6 17 18 9 20 21 22

1397 1428 1.389 1.389 1428 1397
1489 1368 1438 1.378 1.324 1352 1352 1323 1378 1437 1368 1.488
1400 1.304 1.298 1.281 1245 1281 1298 1298 1.281 1.244 1.281 1.297 1.304 1.399
1359 1310 1240 1216 1253 1223 1212 1234 1233 1211 1223 1.253 1216 1239 1310 1359
1496 1309 1.279 1.234 1.208 1174 1154 1154 1177 1176 1154 1154 1174 1.207 1.234 1278 1311 149
1381 1.290 1.268 1.221 1164 1134 1146 1154 1168 1168 1154 1146 1134 1164 1.220 1.268 1.289 1384
1420 1.317 1.251 1252 1189 1143 1125 1139 1146 1147 1147 1146 1139 1124 1142 1189 1250 1.252 1.315 1.422
1371 1294 1.267 1212 1159 1128 1119 1134 1140 1138 1138 1140 1134 1118 1128 1158 1211 1266 1.294 1.368
1405 1.306 1.275 1.225 1179 1155 1135 1128 1136 1143 1145 1145 1143 1136 1127 1134 1153 1178 1223 1.274 1.304 1.405
1363 1.271 1.242 1182 1160 1151 1135 1132 1141 1152 1164 1164 1152 1141 1132 1134 1149 1159 1180 1.240 1.267 1.362
1401 1.289 1.238 1153 1127 1124 1125 1130 1144 1160 1184 1183 1160 1.143 1129 1124 1123 1125 1151 1.235 1.285 1.399
1403 1.280 1.231 1145 1113 1110 1117 1127 1142 1161 1186 1186 1161 1.142 1126 1115 1109 1.111 1142 1.228 1.276 1.400
1441 1293 1231 1158 1115 1106 1113 1123 1138 1154 1173 1173 1153 1137 1122 1112 1105 1113 1156 1.228 1.288 1.438
1497 1.328 1272 1181 1135 1113 1115 1120 1.133 1143 1147 1147 1142 1132 1119 1114 1112 1134 1179 1270 1.323 1.495
1400 1.345 1.260 1.192 1143 1121 1115 1132 1137 1133 1133 1137 1131 1115 1120 1142 1190 1258 1.343 1.395
1445 1354 1.327 1288 1201 1151 1129 1139 1141 1137 1137 1141 1138 1128 1150 1.200 1.287 1.327 1351 1.445
1464 1375 1363 1.272 1160 1145 1149 1148 1153 1153 1148 1148 1145 1160 1.271 1.356 1.373 1465
1482 1421 1.299 1260 1.202 1164 1157 1149 1167 1167 1149 1157 1157 1.200 1.266 1.297 1.363 1481
1445 1339 1261 1199 1195 1155 1143 1161 1161 1143 1155 1.200 1198 1.254 1.331 1443
1.289 1.225 1190 1214 1150 1160 1165 1165 1160 1.149 1.213 1189 1.224 1.288
1340 1.247 1.247 1169 1148 1125 1125 1147 1169 1246 1.247 1.339

S <cHw®P®mOvOZIrA-ITOTMmMmUO®®>
S <cHuw®mOOVOZZIrA-IOTMMmMOUO® >

1329 1264 1.264 1264 1263 1328

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 9 20 21 22

Figure 7 Ratio of channel power limit to time-averaged channel power.

- 7 of total pages -



35" Annual Conference of the Canadian Nuclear Society 2015 May 31 — June 03
39" Annual CNS/CNA Student Conference Saint John Hilton Hotel and Conference Centre

Figure 7 shows the ratio of channel power limit to time-averaged channel power. It indicates
the margin from normal operation to channel power limit. Central high power region has a
margin ofabout 15%; however, the outer low-power region has a margin range of 40 to 50%.
Channel E3 is selected based on this consideration since it has themaximum deviation from
thenormal operating conditions.

Channels L11 and O6 should be considered since they have the lowest critical power ratio
(CPR).These channels have ahigher possibility of fuel dryout during the power increase or
flow decrease.

Taking into account all considerations mentioned above, a total of 9 channels are selected for
detailed analysis. The characteristics ofthe 9 selected single channels are summarized in Table
1.

Table 1 Characteristics of selected 9 single channels.

Unit AIM E3M G5M L1M L11M O6M S10M | V1IM | W10M

Time-averaged channel
kw 3155 3249 5747 3625 6168 6559 6352 4388 3002

power
Channel power limit kw 4408 4860 7195 5080 7300 7300 7300 4938 3794
Bundle power limit kw 564.4 622.7 890.2 611.3 904.0 935 935 687.4 538.4
Channel flow kals 12.59 13.77 23.48 14.06 24.26 25.45 27.03 16.99 12.95
Channel enthalpy rise kJ/kg 350.1 352.9 306.4 361.3 300.9 286.8 270.1 290.6 293.0

Maximum bundle

. kJ/kg 44.8 45.2 37.9 435 373 36.7 34.6 40.5 41.6
enthalpy rise

Bundle power peaking - 0.128 0.128 0.124 0.120 0.124 0.128 0.128 0.139 0.142
Ratio of CPL to time- - 1.397 1.496 1.252 1.401 1.184 1.113 1.149 1.125 1.264
averaged channel power

Elevation in core - H H/M M M M M M/L L L

4. LOCA Analysis Results

The purpose of safety analysis is to show that all the events included in the Final Safety
Analysis Report (FSAR) [2] meet their acceptance criteria with the assumption that single
channels are operated initially with their channel and bundle power limits as established in
Section 2. The assessment of trip coverage is required to analyze the cases at reduced reactor
power as well as full power operation. The assessment of channel refill behavior for large and
small break loss of coolant accidents (LOCA),and for singlechannel events (including
pressure tube rupture, channel flow blockage, feeder break and end fitting failure),consider
only the case of full power operation.

The header boundary condition generated from the circuit analysis (existing FSAR) is applied
equally to all single channel analysis. Table 2 is a summary of trip coverage analysis for a
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large break LOCA at a reactor inlet header (RIH), with the reactor regulating system (RRS)
frozen (i.e., unresponsive). The following four sub-criteria are applied to maintain the
integrity of fuel channels for a LBLOCA,;

- Stored energy in fuel pellet (E) — 840 kJ/kg

- Fuel centerline melting (CT) — 2817

- Fuel sheath melting (ST) - 1760

- Pressure tube temperature (PT) — 600 C

Table 2  Trip coverage analysis results for RIH LBLOCA with RRS frozen.

Bsriezaek (F:,Z"F"S; X'n‘:'eag)’{l) AM | E3M | G5M | LIM | L1IM | O6M | S10M | V1IM | WiOM
(%)

103 2.2(E) @ 26 25 2.2 25 2.2 2.2 2.2 2.4 2.6

75 2.6(E) 3.0 2.9 2.6 2.9 2.6 2.6 2.6 2.8 3.0

100 50 3.0(E) 34 33 3.1 33 3.1 3.0 3.0 3.3 34
25 4.6(E) 4.9 4.8 4.6 4.8 4.6 4.6 4.6 4.7 4.9

5 9.9(E) 10.1 10.0 9.9 10.1 9.9 9.9 9.9 10.0 10.1

103 2.2(E) 2.7 2.6 2.3 2.6 2.3 2.2 2.2 2.5 2.7

50 50 3.0(E) 34 3.3 3.1 34 3.1 3.0 3.0 3.3 3.5
25 4.5(E) 4.9 4.8 4.6 4.9 4.6 4.5 4.5 4.8 4.9

75 2.7(E) 3.2 31 2.7 3.2 2.7 2.7 2.7 3.0 3.3

30 50 3.2(E) 3.7 3.6 3.3 3.6 3.2 3.2 3.2 35 3.7
5 14.7(E) 15.1 15.1 14.7 15.1 14.7 14.7 14.7 15.0 15.2

75 3.1(E) 3.9 3.8 3.2 3.8 3.2 3.1 3.1 3.6 4.0

20 25 8.0(E) 8.8 8.7 8.1 8.7 8.1 8.0 8.1 8.5 8.9
103 6.4(E) 7.9 7.8 6.8 7.9 6.7 6.4 6.5 7.6 8.0

75 8.9(E) 114 11.2 9.4 11.2 9.3 8.9 8.9 10.7 115

10 50 14.9(E) 17.1 16.8 15.2 16.9 15.2 14.9 14.9 16.2 17.2
25 27.0(E) 21.7 27.6 27.1 27.6 27.0 27.0 27.0 27.5 27.8

103 9.7(E) 12.3 12.1 10.2 12.2 10.1 9.7 9.8 11.7 124

5 50 35.6(CT) 40.8 404 | 358(CT) | 406 | 356(CT) | 387 38.9 38.8 42,0
25 55.6(E) 56.3 56.2 55.7 56.2 55.7 55.6 55.6 56.1 56.4

(1) Time when any one of the acceptance criteria is violated first from 9 single channels
(2)E — Maximum Stored Energy, CT — Maximum fuel centerline temperature

The values for each single channel in Table 2 are the timeswhen any one of four sub-criteria is
reached first. The violation time is the earliest timeof the9 single channels. Channel O6 and
S10 have the highest channel power limit of 7.3 MW and the highest bundle power limit (935
kW). Though the earliest timesoccur in channel O6 and S10 for most cases, the differences
among thenine channels arevery small. This result agreeswiththe expectations, since the
channel and bundle power limits for all 380 channels are determined to have the same safety
margin.Trip parameters predicted to occur before theviolation time are considered to be
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effective.The full spectrum analysis for LBLOCA with channel and bundle power limits
shows a small reduction of trip coverage, but more than two trip parameters for each
shutdown system are still effective for the entire spectrum of break size and power level.

The channel refill behaviour, for an LBLOCA with channel and bundle power limits, is also
examined. All nine channels show channel refill after emergency core coolant injection and
no significant heat upafter the first refill.

Table 3 is a summary of trip coverage analysis for a small break LOCA with the RRS
operating. The values for each single channel are the timeswhen the maximum fuel sheath

surface temperature reaches 800C.Like the LBLOCA, the timings are very close to each
other among the9 single channels.Channels G5 and L11 are critical channels for most cases.

Table 3 Trip coverage analysis results for SBLOCA with RRS operating.

Break
Size(% Power A9M E3M G5M L1M L11M 0o6M S10M V1lM W10M Vi_olation
) (% FP) Time (s)
103 20.1 20.1 17.1 20.1 17.1 18.1 19.1 19.1 21.1 17.1
3% 75 99.1 98.1 98.1 99.2 98.1 98.1 98.1 98.1 99.2 98.1
50 112.8 112.8 111.8 112.8 111.8 111.8 111.8 111.8 112.8 111.8
103 29.1 28.2 25.1 28.2 25.0 26.1 27.1 27.1 30.1 25.0
2.5% 75 123.3 122.3 121.2 122.2 121.2 121.3 122.2 122.3 124.3 121.2
50 137.6 137.6 137.6 137.6 137.6 137.6 137.6 137.7 138.6 137.6
103 185.7 183.7 174.6 184.8 299.9 178.7 181.6 179.6 193.6 174.6
1.5% 75 224.6 223.7 221.6 223.7 221.6 222.6 223.6 223.6 225.7 221.6
50 249.6 249.6 247.6 249.6 247.6 248.6 249.6 249.6 251.6 247.6
5. Conclusion

Channel-specific channel and bundle power limits for anHWR in Korea are established based
on the previous experience at CANDU 6 operation in Canada. Maximum bundle enthalpy rise
is also considered to establish channel-specificbundle power limits. A logical approach is
developed to select single channels for detailed safety analysis, to examine whether the
established channel and bundle power limits meet the safety acceptance criteria or not.Of the
95 fuel channels in a critical core pass, 9 fuel channels are selected for detailed safety
analysis.

Single channel analysis with channel and bundle power limits is done for all events included
in the FSAR. A part of the LOCA analysis results is included in this paper to show the
validation of established channel and bundle power limits, and the analysis methodology.The
results of trip coverage analysis show that the times to reach acceptance criteria are very close
to each other for the 9 selected single channels. It agrees withthe expectationssince the
basisfor the establishment of channel and bundle power limits for all 380 channels is to give
the same safety margin.
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