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Docket No. 52-046 
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SRP Section:  15.06.05 – Loss of Coolant Accidents Resulting From Spectrum of 
Postulated Piping Breaks Within the Reactor Coolant Pressure 
Boundary 

Application Section:  15.6.5.2, 15.6.5.3 

Date of RAI Issue:  02/03/2016 

 
 

Question No. 15.06.05-5 
 

1. Section 2 of the Long-Term Cooling (LTC) technical report indicates that the procedure 
to distinguish a large break from a small break is based on whether the pressure is 
above or below 450 psia at approximately 8 hours after initiation of the event. The 
implicit assumption is that the primary system is refilled and that the operators can 
switch to shutdown cooling (SDC). How is it determined that there are no voids trapped 
in the primary system that could impede operation of the SDC? Could the Safety 
Injection Tanks (SITs) have injected noncondensable gas that is trapped in the system? 
What is the basis for increasing the pressure from the lower value in CENPD-154? 
 

2. The analysis does not appear to account for reduced injection flow during the switchover 
to hot leg injection at 3 hours (Section 3.5.4). Is there a reduced flow during this 
transition period and how is it addressed in the calculation?  
 

3. As shown in Figure 2-1, between 2 and 3 hours, the switch is made to align SI flow to 
the hot legs and the DVI nozzles. This is apparently done regardless of the break size. 
How is it assured that most or all of the SI flow does not go to a break located in the 
loop between the DVI and hot leg injection points, stagnating the core flow and resulting 
in a heatup and continued buildup of the boron concentration in the core?  
 

4. The number of axial nodes in the heated core region is less than that for other plants 
that use variations of the interim methodology. Ten nodes are used in the core region. 
However, the subscript Z20 in Equation 1 indicates that CEFLASH-4AS (the reference for 
this equation) uses 20 nodes in the core region. Twenty nodes is closer to the number  
used in other applications of the interim methodology. How was the use of only 10 
nodes justified as a sufficient number to yield a conservative void fraction at each node? 
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5. To make an understandable licensing record, all of the variables in equations 1 through 
13 must be clearly defined in a nomenclature list. Provide this list, and also explain the 
relationship between the nomenclature in the technical report and that in Section II D of 
CEFLASH-4AS topical report that is cited as the source of the phase separation model.  
 

6. In Section 2.3, it is noted that the “small and large break LOCA bring for distinctly 
different responses in the long-term cooling plan”. It appears that the analysis 
addresses the small breaks, e.g., CELDA calculates the long-term depressurization and 
refill of the RCS for small breaks and determines whether the refilling of RCS is 
achieved for small breaks. The CELDA analysis is initialized from the CEFLASH-4AS 
analysis that is performed for the early part of accident. CEFLASH-4AS is a SBLOCA 
code. If CELDA is used for large breaks, how is it initialized? 
 
The discussion of how the computer codes are used for the LTC analysis appears to 
address only the small breaks. Further information is needed on how the large breaks 
are addressed. For example how is it determined that “The LTC analysis also 
determines that the large-break procedures can flush the core for break sizes down to 
0.004 ft2." Please identify any computer codes in addition to the BORON code that are 
used for the LBLOCA analysis and provide information on their approval status.  
 

7. Early in a LBLOCA, the steam upflow from the core may entrain the hot leg injection 
flow and prevent the hot leg injection from flushing the high boron concentration coolant 
from the core. How does the analysis account for this possibility? Provide justification 
for any CCFL correlation used for this application. 
 

8. In Section 3.5.2, it is stated that the BORON code has been modified due to the 
difference between the RWT and the IRWST. Although the equations in the BORON 
code documentation are not numbered, please identify which equations were modified 
and the extent of the modifications. 
 

9. It is mentioned that for C-E plants when the RWT is emptied, ECC injection is switched 
to the sump. Is the BORON code modification simply to continue injection from the 
IRWST with no switch to the sump? The BORON code also includes injection from a 
boric acid storage tank (BAST). How is this injection path addressed for AP1400? 
 

10. The documentation for the BORON code makes a statement to the effect that “for core 
flush conditions an evaluation of the code equations indicates that a time step interval 
of one hour or less gives conservative results.” Provide justification that the BORON 
code analysis has reached a converged solution. 
 

11. The solubility limit of 29.3 wt % is greater than that at 212 F, the saturation temperature 
of pure water at 14.7 psia. According to Table 3-6, the solubility limit used in the 
analysis is based on a temperature of 217.9 F, presumably the boiling temperature of 
the boric acid solution at 14.7 psia. Were the liquid density used to calculate the wt % of 
boron and the water properties used to calculate the boiloff rate based on this same 
temperature? 

 
12. Figure 4-2 shows that the “Pressure after Refill” as a function of break size settles out to 

approximately 80 psia for breaks between 0.04 and 0.07 ft2. What physical 
phenomenon is causing the pressure to remain constant for this wide range of break 
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sizes? 

13. Figure 4-3 shows the buildup of boric acid concentration which depends on the boiloff
rate and appears to be independent of break size? For smaller breaks where natural
circulation is mixing the coolant, the switch to hot leg injection could possibly hinder the
natural circulation by introducing cold liquid into the hot side of the natural circulation
loop. How does the approach used address this possibility?

14. In the CENPD-254 methodology, the maximum break size for the small break analysis
is determined by the auxiliary feedwater capacity. There is no mention of auxiliary
feedwater capacity in the technical report. How was the upper limit size determined for
the small break?

15. Assumption 2d. states “RCS cooldown begins at 2 hours post-LOCA.” How is this
assumption used in the analysis? Tables 3-2 and 3-5 show values starting at 1 hour.
Tables 3-3 and 3-4 show values beginning at 0.0083 hours. In section 3.5.3 decay heat
is calculated at one hour.

16. In calculating the boiloff rates at various times, was only the decay heat varied? Was a
pressure of 14.7 psi used for all pressure dependent calculations? If not, what pressure
was used?

Response – (Rev. 1) 

1. 
The throttling procedure has been specified so that voiding will not occur. At 8 hours after the 
LOCA, the hot leg temperature will have been reduced to the shutdown cooling entry 
temperature of 380 °F by use of the steam generator atmospheric dump valves. The SI 
pumps are then throttled to bring RCS pressure to the shutdown cooling entry pressure of 
400 psia. Since the saturation temperature corresponding to 400 psia is 444 °F, there will be 
64 °F of subcooling in the hot leg and no voids will exist. Also, the operator isolates or vents 
the SITs to avoid injecting a large quantity of noncondensible gas into the RCS. 

The overlap RCS pressure for the large break and small break analysis is from 92 psia to 
1042 pisa. A decision point pressure of 450 psia is chosen within this range. The 450 psia 
decision point pressure allows sufficient margin for the instrument error. 
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2. 
The injection flow is not considered to decrease during the switchover to hot leg injection. 
Instead, the injection flow is assumed conservatively. The flushing flow rate is calculated by 
hot side SI injection flow and core boil off rate as shown in Fig.1. Even though 2 SI pumps 
actuate during the switch over period, it is assumed that 4/10 of the total flow from a single SI 
pump enters the reactor vessel from the hot leg and all of the decay heat from the core boils 
off liquid. At 3 hours, core flushing flow is decreased to 23 gpm. After 3 hours, as the core boil 
off rate has decreased, the core flushing flow has increased. The flushing flow rate is used to 
compute the boric acid concentration in the core. 

Figure 1 Core flush by hot side injection 
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3. 
The Korea Atomic Energy Research Institute (KAERI) conducted the ECC bypass tests using 
the MIDAS facility to study the ECC bypass phenomena, which can occur in the direct vessel 
injection (DVI) system. According to the MIDAS test, bypass flow occurs at the  break location 
mainly during the reflood phase. The considerable amount of steam generated in the core 
during this period causes the bypass flow to go out through the cold leg break [APR1400-F-A-
TR-12004, Appendix F].  
 
We assumed the failure of one of the two emergency diesel generators so that 2 SI pumps 
actuate during the transient. After 3 hours, the operator manipulates 2 SI pumps for 
simultaneous hot leg and direct vessel injection. Then SI flow to the DVI lines may spill out of 
the break. In contrast, hot leg injection flow is assured that most of the SI flow does go to 
core,and ECC bypass does not occur due to the small amount of steam generated in the 
core. Furthermore, in the analysis, only one SI pump is assumed to be active in the code 
calculation for conservatism. 
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4. 
Ten nodes are used in the Interim methodology. The average void fraction of 10 nodes is 
similar to the average void fraction of 20 nodes as shown in the tables below. Furthermore, 
we calculate the mixing volume using the top of core region, which is a more conservative 
assumption than average void fraction of the core region. 
 

Table 1 Void fraction of 10 nodes (Top of region Vs. Average of region) 
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Table 2 Void fraction of 20 nodes (Average of region) 
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Table 3 Calculation Results of Mixing Volume using the Interim Methodology 

  
TS
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5. 

 
The nomenclature list is provided below for the technical report. Also, a table for 
explaining the relationship between the nomenclature and the CEFLASH-4AS topical 
report is provided in Table 1. The first column is the equations 1 through 13 and 
explanations described in technical report, and the second column is for the CEFLASH-
4AS topical report. And, the equations are added to the third column in Table 1 because 
the formations of main equations in the technical report are from CENPD-254-P-A.  

 

NOMENCLATURE LIST 

 

VD   drift velocity 
N  region index 
α(Z) the void fraction as a function of axial position 
ρv  vapor density 
AN  cross-sectional area of region N 
ṖN  the bubble production rate  
WN  the in-flow bubbles from the lower sub-region  
hlv  latent heat of vaporization 

flashing the linear flashing steam rate 
Z2ø    two-phase mixture height ,  the steady state bubble mass of region N Z     either the height of region N or the two-phase mixture height in region N. 
Q     the total energy deposition rate for region N 
αA     void fraction in the lower plenum 
αB     void fraction in the core region 
αC    void fraction in the outlet plenum 
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Table 1 Relationship between the nomenclature and CEFLASH-4AS topical report  
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6. 
The largest break size in the CELDA calculation is 0.5 ft2 that is the SBLOCA region. 
Therefore, the CELDA code is initialized using the CEFLASH-4AS conditions. The CELDA 
code is not used for large breaks, so we don’t initialize this code using the large break 
conditions. 
 
The BORON code is used to compute the boric acid concentration in the core, and covers 
large breaks down to 0.004 ft2. The double ended cold leg break size, however, is considered 
to calculate boric acid concentration. Other break sizes are not considered for the calculation; 
because the double ended cold leg break size is the limiting break for long term boric acid 
accumulation due to the addition of the largest amount of coolant with high boron 
concentration to the inner vessel from SITs and SI Pumps. 
  
The methodology and input for the BORON calculation in CENPD-254 is modified to reflect 
the following. The major differences between modifications (interim methodology) and 
CENPD-254 is describes as follows. 
 

 Void Effect – The mixing volume and the void fraction is taken into account when 

computing the boric acid concentration. 

 Time-varying Mixing Volume –The variation in the mixing region while considering the 

pressure drop in the loop is considered. 

 Decay Heat – Appendix K decay heat model with multiplier 1.2 for all times has 

to be used. 
 

The modified BORON code was applied to PSAR for construction permit of Shinhanul 3&4 in 
Korea. Now, this code is under review by Korean regulatory body. 
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7. 
Injection of SI flow to the hot leg cannot be assured of flushing the reactor vessel until the hot 
leg steam flow drops below the minimum velocity which can entrain the injected water. Thus, 
the switch to simultaneous DVI/hot leg injection of the SI flow should not be performed until 
the steam flow in the hot legs drops below the entrainment velocity. 
 
 The steam flow in the hot legs is determined based on the following assumptions: 
 
 (1) All of the decay heat in the core is used to generate steam. 
 (2) The total generated steam flow is split equally between the two hot legs. 
 (3) The flows in the core and the hot legs is saturated at 14.7 psia. 
 
 The critical flow rate below which the steam flow will not entrain liquid in the hot leg is 
determined using an equation formulated by Wallis.  
 
 When entrainment is 0 %, dimensionless gas velocity, π2, in the equation below, is 
conservatively used are 1.3E-04 (actual value in the correlation is 2.46E-04). 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Therefore, steam velocities below 81.95 [ft/sec] will not entrain the injection water in the hot 
legs. The steam generation rate required to achieve a hot leg steam velocity of 81.95 [ft/sec] 
is 
 
 Msteam = Qg × ρg × AHotleg × 2(# of Hot leg)                           
  = 81.95 × 1/26.792 × 9.621 × 2 = 58.86 [lbm/sec] 
 
The time at which the steam generation rate in the core drops below the value related to no 
entrainment is determined by the decay heat model from the following equation. 
 
 Msteam = Qcore * fdecay heat / hfg [lbm/sec] 
 

TS
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The decay heat fraction is determined using the decay heat model of the BORON computer 
code described in CENPD-254-P-A. And is provided below.  
 
 
 
 
 
Where, 
fd            = normalized decay heat fraction including 1.1 conservative multiplier 
T            = time (seconds)  
 
Consistent with NRC imposed restrictions on the acceptability of the boric acid precipitation 
methodology, a decay heat multiplier of 1.2 is applied as shown below:  
 
 
 
 
The time dependent steam generation rate and decay heat fraction are calculated and 
summarized in the Table 3 below. 
 

Table 3. Time vs. Steam generation rate 
 
 
 
 
 
 
Based on Table 7, the corresponding time for when the steam flow will not entrain liquid in the 
hot leg is 7180 sec. [Approximately 2 hours] Therefore, the switch over time of 3 hours is 
acceptable because there will be no potential of liquid  entrainment in the hot leg at that time. 
 

  

TS

TS

TS
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8.   
In the original CE plants, 90% of RWT volume is used as ECC water. Because the suction 
from RWT is stopped due to RAS (Recirculation Actuation Signal) when the RWT level drops 
to less than 10% of the RWT level. However, there is no interruption of suction from IRWST in 
the APR1400 design. Thus, the coefficient related to RWT volume is modified from 0.9 to 1.0 
in the BORON code. When the BORON code was applied to APR1400, which has IRWST, the 
BORON code was modified for the equations of boric acid in sump and sump water mass. The 
modified equations and nomenclature are provided below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NOMENCLATURE of variables in equations 
 

VSUMP lbm of solution in SUMP 
VRCS  lbm of solution in RCS 
VRWT  lbm of solution in RWT 
VBAST  lbm of solution in BAST 
VSIT  lbm of solution in SIT 
 
BSUMP boric acid wt% in SUMP 
BRCS  boric acid wt% in RCS 
BRWT  boric acid wt% in RWT 
BBAST  boric acid wt% in BAST 
BSIT  boric acid wt% in SIT 

 
  

TS

TS
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Decay heat energy  
 
Decay heat energy was assumed to be zero from 0 to 10 seconds because there is a small 
mixing volume in the core due to the blowdown phase of large break event. Therefore the boil-
off rate by decay heat is zero during this period. 
 
Modification of Injection path  
 
The injection path is modified for IRWST in APR1400. And it is described in Question 9. 
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9. 
Injection paths addressed in the BORON code are summarized in Table 4.  
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Time vs. Injection Path 
 
 
  

TS

TS
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10. 
Figure 2 shows boric acid concentrations according to time step intervals. It is calculated by the 
original BORON code with core flush condition at 3.0 hours. Figure 2 shows the calculation of boric 
acid concentrations corresponding to time step intervals. An evaluation of the code equations indicates 
that a time step interval of one hour or less give conservative results for core flush conditions. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 Boric acid concentration for Time step interval 
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11. 
The boiling temperature of the boric acid solution at 14.7 psia is 217.9 °F. For this 
temperature the fractional weight of the boric acid in solution is 29.3 wt%. The temperature 
condition of 217.9 °F is used only for the solubility limit calculation. 
 
The solubility limit condition (217.9 °F and 14.7 psia) is not used for the boiloff rate 
calculation. In the boiloff rate calculation, we use the saturation temperature (212 °F) at 14.7 
psia.  
 
Boron source density is used for the calculation of boron solution volume. The large volume of 
boron solution is conservative, since it results in a large amount of boric acid injected into the 
RCS. Therefore, we use the saturation temperature (212 °F) at 14.7 psia because lower 
density causes a large volume of boron solution than higher density.      



 

                                                                                                                       
 

 
 

15.06.05-5_Rev. 1 - 20 / 30 KEPCO/KHNP

Non-Proprietary

12. 
RCS pressures for breaks larger than 0.04ft2 are the same at 8 hours as shown in Figure 3 
(See the dotted lines). The RCS does not fill fully at 8 hours for breaks larger than 0.04ft2. 
Thus, the RCS pressure does not increase until the RCS fills fully even though SI pumps are 
injected. These phenomena can be observed by inner vessel water level as shown in Figure 4 
(See the dotted lines). The Inner vessel water levels for breaks larger than 0.04ft2 have not 
reached the top of the pressurizer within 8 hours. So the RCS pressure for these breaks 
maintains approximately the same value of 80 psia. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Pressure of RCS spectrum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Inner vessel collapsed level spectrum 
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TS
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13. 
The double ended cold leg break size is the limiting break for long term boric acid 
accumulation in the inner vessel region, because  the largest amount of coolant with high 
boron concentration is added to the inner vessel from SITs and SI pumps. Therefore, only the 
double ended cold leg break size is considered to calculate boric acid concentration by the 
BORON code. Thus, the boric acid concentration for the double ended cold leg break size is 
depicted in Figure5. 
 

 
Figure 5. Inner Vessel Boric Acid Concentration vs. Time 
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The mixing volume for computing the boric acid concentration is changed to include the 
additional volume from the top of the core to the top of the hot leg piping at the RV outlet 
nozzles. If the water level in the inner vessel is higher than the top of hot leg, boron 
precipitation is not a concern. Natural circulation is not considered in the BORON code 
because natural circulation begins when injected water refills to the top of the steam 
generators, in the case of smaller break sizes. 
Even though the switch to hot leg injection could possibly hinder the natural circulation by cold 
water; boron precipitation does not occur around the top of the core. Thus natural circulation 
is not addressed in the BORON code. 
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14. 
The decision time at which the operator decide whether to use the large break procedure or 
the small break procedure in order to continue the cooldown of the RCS. This time (8hr) is 
determined between the earliest time at which the SDC entry conditions can be achieved, and 
the latest time for which auxiliary feedwater can be assured to be available. 
 
In order for the SDC system to be used to remove heat from the RCS, there must be sufficient 
liquid in the hot leg from which it takes suction.  If RCS is refilled before the decision point 
time, the break case is assured of having sufficient coolant in the RCS to use the SDC 
system. Thus, the decision time determines the upper limit size of small break for which the 
SDC system can be used. This break size is 0.04 ft2 as is shown in Figure 6 below. 
 

 

Figure 6. RCS Pressure after Refill vs. Break Area 
 
The NATFLOW code is used to calculate the SDC entry time and the CEPAC code is used to 
calculate the exhausting time of auxiliary feedwater. Finally, the refill time of RCS is calculated 
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15. 
In the CENPD-254 methodology, the secondary temperature is calculated by the CEPAC 
code and provides the secondary temperature as a function of time that is input to the 
NATFLOW and CELDA code. The assumption 2d is used in the CEPAC code analysis for 
secondary cooling. This assumption means secondary system cooling start at 2 hours.  
 
Table 3-2, 3-3 and 3-5 in TeR contain boiloff rate and void fraction of 1, 2 and 3 hours for time 
varying mixing volumes. 
Table 3-4 and section 3.5.3 in TeR show 1 hour boilloff rate and time dependent boilloff rate, 
which is used for core flush flow.      
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16. 
In calculating the boiloff rates at various times, the decay heat is the only dependent variable 
of time. The pressure of 14.7 psi is used for all pressure dependent calculations for 
conservatism. 
 
 
 

Supplemental Response 
 
The most conservative case for mixing volume, bottom of hot leg, is selected in the DCD revision 
calculation. There are three different case on flushing for boron concentration analysis. First, 
a no core flush case is used to find the simultaneous injection time. Second, a constant core flush 
case is used to find minimum flush flow for prevention of boron precipitation. Last, a real flush 
case is used to show the sufficient margin for prevention of boron precipitation.  
 
The revised LTC analysis for the APR1400 DCD is prepared with the same input as the previous DCD 
BORON input without the below input changes. 
 
 
 
 
 
 
 
 
 
The initiation of a simultaneous hot leg and direct vessel SIP injection flow at 2 hours post-
LOCA provides a substantial and time increasing core flushing flow as shown in Figure 7. 
Figure 8 shows that with no core flushing flow, boric acid does not begin to precipitate until 
2.3 hours post-LOCA. The margin provided for the prevention of boric acid precipitation by 
the core flushing flow of 30 gpm is also shown in Figure 8.  
  
Break spectrum analysis was performed due to design data change of SIP flow.  Figure 9 and 
Table 5 shows the RCS refill time, pressure with break size and overlap range. The overlap 
RCS pressure for the large break and small break analysis is from 86 psia to 990 psia. A 
decision point pressure of 450 psia is still chosen within this range. 

   

TS
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Figure 7 Core flush by hot side injection 
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Figure 8. Inner Vessel Boric Acid Concentration vs. Time 
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Figure 9. Overlap of Acceptable LTC Modes in Terms of Cold Leg Break Area 
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Table 5. Break Spectrum for RCS Refill Time and Pressure 
 
 

Break Area 
cm2 (ft2) 

RCS refill time 
(hour) 

RCS Pressure at 
8 hours 

kg/cm2A (psia) 
464.5 (0.500) N/A 2.8 (38) 
92.9 (0.100) N/A 5.3 (75) 
46.5 (0.050) 10.13 5.3 (76) 
37.2 (0.040) 8.35 5.3 (76) 
35.3 (0.038) 8.07 5.3 (76) 
34.4 (0.037) 7.94 6.0 (86) 
27.9 (0.030) 7.13 7.6 (108) 
18.6 (0.020) 6.14 11.3 (161) 
9.3 (0.010) 5.12 25.9 (368) 
4.6 (0.005) 3.88 57.4 (816) 
3.7 (0.004) 3.56 69.6 (990) 
2.8 (0.003) 3.22 83.2 (1,184) 
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Commission (NRC) in Reference 68.  The CEFLASH-4AS (Reference 69) computer 
program is used to determine the primary system hydraulic parameters during the 
blowdown phase, and the COMPERC-II (Reference 70) computer program is used to 
determine the system behavior during the reflood phase.  Fuel rod temperatures and clad 
oxidation percentages are calculated using the STRIKIN-II (Reference 71) and PARCH 
(Reference 72) computer programs.  The interface between these programs is described in 
detail in Reference 67. 

The small break evaluation model already met the requirements of TMI action item 
II.K.3.30 and II.K.3.31.  Details are respectively described in Reference 23 and Section 
15.6.5.3. 

Post Loss-of-Coolant Accident Long-Term Cooling Evaluation Model 

Long-term cooling (LTC) initiates when the core is quenched after a LOCA and terminates 
when the plant is secured.  The objectives of LTC are to maintain the core at safe 
temperature levels and to avoid the precipitation of boric acid in the core region.  To 
accomplish these objectives, an LTC analysis was performed using the codes and methods 
documented in Reference 73. 

The LTC plan uses one of two procedures depending on the break size.  The shutdown 
cooling system (SCS) is used if the break is sufficiently small that reasonable assurance of 
a successful operation of the SCS is provided.  For large break LOCAs, a simultaneous 
hot leg and direct vessel injection is used to maintain core cooling and boric acid flushing.  
The plant operator initiates the appropriate procedure based on the indicated RCS pressure. 

Figure 15.6.5-34 shows the LTC sequence of events and the schedule for operator actions 
for the LTC plan.  The operator’s first action is to initiate cooldown within 1 hour post-
LOCA by releasing steam from the SGs.  The steam is released through the turbine bypass 
system if available or through the atmospheric dump valves.  Between 1 and 3 hours post-
LOCA, the operator isolates or vents the safety injection tanks (SITs) to avoid injecting a 
large quantity of nitrogen (noncondensable) gas into the RCS.  Between 1 and 4 hours 
post-LOCA, pressurizer cooldown is initiated.  Between 2 and 3 hours post-LOCA, the 
discharge lines of SIP 3 and 4 are realigned to the hot legs to divide the SIP flow between 
the hot leg and direct vessel injection connections. 

Rev. 0

1 2

RAI 398-8457-Question 15.06.05-5_Rev.1 Attachment 1(1/15)

1 2

Non-Proprietary 



Proprietary 

APR1400 DCD TIER 2 

15.6-43 

uncovery for break sizes greater than 93 ft2 (0.1 ft2) is delayed, and the depth and duration 
of uncovery decreased relative to DVI breaks, which credit only one SIP.  This more 
favorable behavior results in lower cladding temperatures relative to breaks in a DVI line. 

In addition to the break locations described above, the rupture of an in-core instrument tube 
is considered.  A break equal in size to a completely severed instrument tube (2.8 cm2 

[0.003 ft2]) is postulated to occur in the reactor vessel bottom head. 

Following rupture, the primary system depressurizes until a reactor scram signal and safety 
injection actuation signal (SIAS) are generated due to low pressurizer pressure at 109.3  
g/cm2A (1,555 psia).  The assumed LOOP causes the primary coolant pumps and the 
feedwater pumps to coast down.  After the 40-second delay, required to actuate the 
emergency diesel and the SIPs following the SIAS, safety injection flow is initiated to the 
RCS.  Four SITs are available but do not inject due to the high RCS pressure. 

The primary side depressurization continues accompanied by a rise in secondary side 
pressure until the secondary side pressure reaches the lowest setpoint of the steam generator 
safety valves.  The primary system pressure continues to fall until it is just slightly greater 
than the secondary side pressure.  At this point, the flow from the two operating SIPs (63 
kg/sec [139 lbm/sec]) exceeds the leak flow (12 kg/sec [26 lbm/sec]).  Therefore, the RCS 
fills.  The decay heat generated in the core is removed in the SGs by steam flow through 
the secondary side safety valves.  The core remains covered and cooled in this condition. 

Based on the results of this analysis, it is concluded that the APR1400 SIS satisfies the all 
SRP acceptance criteria of References 1 and 62 (Subsection 15.0.5) for small break LOCAs. 

Post Loss-of-Coolant Accident Long-term Cooling Evaluation Results 

An evaluation of the various break locations showed that the double-ended (9,104.5 cm2 
[9.8 ft2]) cold leg break was confirmed to be the limiting break geometry for the boric acid 
precipitation analysis (Reference 73).  The long-term loop seal refilling with a slot break 
at the top of the cold leg does not significantly affect the boric acid precipitation analysis.  
For a cold leg break, the core flushing flow is the difference between the hot leg injection 
flow rate and the core boiloff rate.  The initiation of a simultaneous hot leg and direct 
vessel SIP injection flow at 3 hours post-LOCA provides a substantial and time-increasing 
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core flushing flow as shown in Figure 15.6.5-35.  Figure 15.6.5-36 shows that with no 
core flushing flow, boric acid does not begin to precipitate until 3.2 hours post-LOCA.  
The margin provided for the prevention of boric acid precipitation by the core flushing flow 
of 113.6 L/min (30 gpm) is also shown in Figure 15.6.5-36.  The analyses also show that 
all hot leg steam entrainment of injection water is terminated in less than 3 hours post-
LOCA.  When the operator initiates simultaneous hot leg and direct vessel injection by 3 
hours, there is no potential for the hot leg entrainment and boric acid precipitation. 

The left branch of the LTC plan in Figure 15.6.5-34 applies to the break sizes for which the 
RCS refills.  The LTC analysis predicts that the RCS will refill at various times depending 
on break size, as shown in Figure 15.6.5-37.  As shown, for a break size as large as 37.2 
cm2 (0.04 ft2), the RCS refills within 8 hours.  The LTC analysis determines that more than 
14 hours is required to exhaust all of the auxiliary feedwater during cooldown of the RCS.  
To allow a substantial time margin to avoid exhausting the auxiliary feedwater, a period of 
8 to 9 hours is selected for the operator to decide whether the small break LTC procedure is 
appropriate.  These results demonstrate that breaks as large as 37.2 cm2 (0.04 ft2) are able 
to use SCS for the long-term cooling and flushing of the core.  The LTC analysis 
determines that the large break procedures can flush the core for break sizes down to 3.7 
cm2 (0.004 ft2).  The overlap in break sizes for which either the large break or small break 
procedures can be used is illustrated in Figure 15.6.5-38. 

The operator chooses the appropriate procedure on the basis of the indicated RCS pressure 
between 8 and 9 hours.  Figure 15.6.5-38 lists the RCS pressure at 8 hours for a wide 
range of break sizes, and Figure 15.6.5-39 presents this information graphically.  The 
decision pressure is selected as 31.6 kg/cm2A (450 psia) so that, with consideration of the 
maximum RCS pressure measurement error up to ± 21.1 kg/cm2 (± 300 psia), reasonable 
assurance is provided that the operator selects the proper procedure for any break size. 

The natural circulation cooldown analysis that is performed as part of the LTC analysis 
determines that the SCS entry temperature of 193 �C (379 �F) is reached at approximately 
6.7 hours after the start of the LOCA.  The analysis simulates a conservatively slow 
cooldown rate and consequently, a maximum value for the earliest time that the SCS entry 
temperature is reached.  The analysis takes credit only for safety grade systems, namely, 
the safety injection system, the auxiliary feedwater system, and the atmospheric dump 
valves.  Reaching the SCS entry temperature at 6.7 hours leaves sufficient time for the 
operator to depressurize the RCS to the SCS entry pressure and initiate shutdown cooling. 
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Figure 15.6.5-35  Core Flush by Hot Side Injection for 9,104.5 cm2 (9.8 ft2) Cold Leg Break 
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Figure 15.6.5-39  RCS Pressure after Refill vs. Break Area 
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2 BASIC LONG-TERM COOLING PLAN

2.1 Functional Requirement

The basic function of long-term cooling plan is to maintain the core at safe temperature levels while 
avoiding the precipitation of boric acid in the RCS.

2.2 Operational Sequence

The LTC plan makes provision for maintaining core cooling and boric acid flushing by simultaneous hot-
leg and DVI (direct-vessel injection) line injection for large break LOCA, for initiating shutdown cooling, if 
the break is small enough to assure successful operation of SCS. The knowledge of pressurizer pressure 
gives an idea to the plant operator for decision of the procedure.

Fiaure 2-1 show the basic sequence of events and timing of operator actions in the long-term cooling plan, 
as applied to the APR1400 design.

Major assumptions on operator actions in CENPD-254 (Reference 1) methodology are as follows:

- At one hour after LOCA, the operator has started operation of the steam generator cooldown.

- At three hours after LOCA, the operator has started operation of hot-leg and DVI line injection
simultaneously.

- At eight hours after LOCA, if the RCS pressure remains above 450 psia, the reactor coolant system has 
been filled with liquid water. 

2.3 Basis of Plan

The LTC plan is based on the following reasoning.

1) Small and large break LOCA bring for distinctly different responses in the long-term cooling plan.

2) It is possible to determine from the pressurizer pressure whether the break is large or small.

The simultaneous hot-leg and DVI line injection from the SI (safety injection) pumps is prescribed by the 
LTC plan following any LOCA. This simultaneous injection prevents boric acid precipitation for an 
extensive range of large and intermediate sized breaks in either hot-leg or DVI line. For extremely small 
breaks, where reactor coolant system pressure remains high, the simultaneous injection flow is too small 
to provide effective flushing of the boric acid however, with extremely small breaks the system refills and 
the boric acid concentration remains low due to its dispersal throughout the RCS by natural circulation. As 
indicated in Figure 2-2, there is a range of break sizes where boric acid precipitation is prevented by 
either flushing by SI pump injection or by dispersal by natural circulation.

In addition to boric acid precipitation, the cooling of the RCS must be considered. The SI pump injection is 
capable of adequate cooling of the RCS for all but the smallest breaks. For the smallest breaks, the 
steam generators are initially employed to cool the RCS, with subsequent activation of the SCS 
(shutdown cooling system). There is a range of break sizes for which the SI pump injection alone can cool
the RCS after the initial period of steam generator heat removal, but which also yields system conditions 
such that eventual successful entry into shutdown cooling is assured. Therefore, there is an overlap in 
which either of the two different core cooling modes is satisfactory as shown in figure 2-2.
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2.4 Emergency Core Cooling System Alignments

The different alignments of the ECCS (emergency core cooling system) used in the LTC plan are as 
follows:

- Initial recirculation mode

The injection by SI pumps from the IRWST (in-containment refueling water storage tank) has been 
secured. 

- Simultaneous injection mode

One or one half of the SI pump flow has been realigned to the RCS hot-legs. The LTC plan calls for a shift 
to this mode at about three hours after any LOCA.

- Shutdown cooling mode

A small break is indicated by reactor coolant system pressure above 450 psia, at about eight hours after 
the LOCA. In this case, the reactor coolant system is entirely refilled. The SI pumps maintain the system 
pressure, and the RCS liquid level is sufficient for entry into SDC mode. The reactor coolant system 
temperature is then checked to assure that steam generator cooling has reduced it to the shutdown 
cooling entry value. Then, the SI pumps are realigned to discharge entirely into the DVI line; then they are 
throttled to reduce the RCS pressure to the SDC entry value. The shift is then made to the SDC mode.
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Figure 2-2 Overlap Range of Cold-Leg Break Area
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system since the RCS will be refilled by the SDC system where the simultaneous DVI and hot-leg
injection is unable to cool and flush the core.

3.4 Codes Used in the LTC Analysis

The LTC calculations are performed by using the LTC codes, which is described down below.

The CELDA (Reference 1) is used to describe the long-term primary system depressurization process 
and to determine whether the refilling of RCS is achieved for small breaks. The analysis is initialized from 
the CEFLASH-4AS analysis that is performed for the early part of accident. The steam generator 
secondary temperature as a function of time is input from the CEPAC analysis. 

The NATFLOW (Reference 1) calculates the natural circulation flow rates in the core, and primary system 
pressure and temperature that occur in the absence of a primary system break. The code is run in an 
iterative sequence with the CEPAC code which provides the secondary system temperature as a function 
of time.

The BORON (Reference 1) is used to compute the boric acid concentration in the core and determines if 
the core flow is sufficient to prevent the solubility limit of boric acid from being exceeded.

The CEPAC (Reference 1) models the steam generators, including the operation of steam generator 
atmospheric dump valves, and provides the secondary system temperature as a function of time is used 
for input of the NATFLOW and CELDA codes. NATFLOW and CELDA codes do not contain independent 
steam generator models.

3.5 Changes in Methodology

The following sections of this report describe the method of analysis and the method of updated licensing 
basis of boric acid precipitation analysis.

3.5.1 Interim Approach Used at Waterford 3

Some non-conservatism has been identified in the previous methodology (Reference 1), and as a result,
in 2005, the USNRC suspended approval of CENPD-254 (Reference 5), which is the old LTC 
methodology for CE-designed nuclear power plants. The major issues related to the suspension are 
described as follows:

Void effect: The mixing volume must be justified and the void fraction must be taken into account when 
computing the boric acid concentration. 

Time-varying mixing volume: The analysis to determine boric acid concentration needs to account for the 
variation in the mixing region while considering the pressure drop in loop.

Decay heat: The decay heat model in appendix K with a multiplier of 1.2 has to be used at all times.

Boric acid solubility limit: The solubility limit must be justified.

The ’interim approach’ is to reflect resolutions of four issues above to CENPD-254, and the methodology 
applying such interim approach is the ‘interim methodology’. The updated analysis for the APR1400 
design utilized the post-LOCA LTC methodology with the interim approach. The three items described 
below in more detail are related to void effect and time-varying mixing volume issues. 

(1) The mixing volume used for computing the boric acid concentration was changed to include the 
additional volume in the core outlet plenum located between the bottom and top elevations of the hot-leg 
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piping at the exit of vessel. The CENPD-254 model is consisted of the reactor vessel volume from the 
core support plate to the bottom of hot-legs in the axial direction, radial direction, inside the core baffle, 
and above the core baffle, inside the core barrel, as originally approved by USNRC, regarding the use of 
the CENPD-254 methodology.

(2) The liquid volume in the core and upper plenum mixing volumes (based on the void fraction) identified 
in Item 1 (above) was calculated by applying the CEFLASH-4AS (Reference 6) phase-separation model 
to this region. The phase-separation model used in CEFLASH-4AS was originally approved by USNRC 
for computing the mixture level in the core following all SBLOCAs. This model was shown to accurately 
predict the void fraction and, hence, the two-phase level in regions experiencing high rates of heat 
addition following SBLOCAs.

(3) The mixing volume was increased to include 50 percent of the reactor vessel lower plenum. The 
BACCHUS test (Mitsubishi Heavy Industries) (Reference 7) employed to simulate post-LOCA boric acid 
mixing in the lower plenum, and in the core of a Westinghouse and CE-designed PWR, was cited as 
justification for expanding the mixing volume to include a portion of lower plenum. The tests showed that 
the entire lower plenum volume contributed mixing, and thus only 50 percent of this volume to be credited 
is conservative.

3.5.2 Modification of the BORON Code for Application of IRWST

The APR1400 design adopts IRWST instead of the refueling water tank (RWT) used in previous CE-type 
plants. In CE-type plants, ECC is injected from the RWT for a certain amount of time and is changed to 
the sump when the RWT is emptied. In the APR1400 design, however, ECC is injected from IRWST from 
the beginning. Therefore, the BORON code for APR1400 was modified to model the IRWST. 

3.5.3 Steam Flow Rate Calculation Using the Decay Heat Model (ANS 1971)

The decay heat fraction (DHF) at one hour post-LOCA is determined by using the BORON computer code 
decay heat model described in CENPD-254-P-A, which is reproduced below. 

where  

DECAY = normalized decay heat fraction including 1.1 conservative multiplier

T       = time (seconds).

When using a time of 1 hour or 3600 seconds, the DHF is:

       DECAY = 0.75 × 10(�.��×���(�	��)
�.���)/3600 = 0.016143

Consistent with NRC imposed restrictions on the acceptability of the boric acid precipitation methodology, 
a decay heat multiplier of 1.2 was applied below:

TS
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Decay Heat Fraction (including 1.2 decay heat multiplier)

= 0.016143 * 1.2 / 1.1

= 0.01761

The core power level, including power measurement uncertainty, is 4063 MWt. Therefore, using the 
above data, the core water boil-off rate (WBO) at 1 hour post-LOCA is equal to the core power times the 
decay heat fraction divided by the heat of vaporization, as shown below:

WBO = 4063 MWt * 948.04 Btu/sec-MWt * 0.01761 / (1150.28 � 180.18) Btu/lbm

WBO = 69.95 lbm/sec

3.5.4 Core Flush Flow

Core flush begins three hours after the ECCS is realigned according to the LTC plan for DVI line/hot-leg
at three hours post LOCA. The core flushing flow is 1 SI pump flow or 1/2 SI pump flow for both cold-leg 
break and DVI line break. This report used 1/2 SI pump flow for the core flushing flow, for conservatism. 
The core flushing flow obtained is thus shown below.

Wflush = 1/2 WSI � Wboiloff

where, Wflush = core flush flow rate

       WSI = SI injection flow rate into the reactor vessel

       Wboiloff = water boiled off rate in the reactor vessel

The BORON code is applied to calculate the boric acid concentration of double-ended guillotine breaks. 
Thus, the RCS pressure is reduced to the containment pressure. However, 0.4 WSI was used instead of 
1/2 WSI for analytical flexibility.

Wflush = 0.4 WSI � Wboiloff

3.5.5 Calculation Method and Result for the Mixing Volume

The major variables for calculation of the mixing volume are shown in Table 3-1. Figure 3-1 shows the 
mixing volume change from CENPD-254 to interim. Each part of the mixing volume is shown in Figure 3-2. 
The atmospheric conditions (14.7 psia, 212 °F) assumed for LTC analysis were used to perform the 
following calculations.

A flat axial power shape was selected as a reasonably conservative representation of the axial power 
distribution. Therefore, in this report multiple core regions were included, as shown in Table 3-2. The void 

RAI 398-8457-Question 15.06.05-5_Rev.1 Attachment 2(9/24)

two
two

0.45
0.45

two
two

0.45

0.45



Post-LOCA Long Term Cooling Evaluation Model  APR1400-F-A-NR-14003-NP, Rev.0

KEPCO & KHNP 17

Non-Proprietary

Table 3-5 Calculation Results of Mixing Volume Using the Interim Methodology

Region
Volume

(ft3)
Void Fraction

Final Volume

(ft3)

Lower 
Plenum

(A)

Bottom inactive core 
(top of lower support 
structure to bottom 

of active core)

Crediting 50% 
participation of the 

lower plenum volume 
is conservative 
relative to the 

BACCHUS test 
results.

Flow skirt to top of 
lower support

structure
Only liquid

Core

(B)
Core, guide tube, 

core shroud

The void fraction in 
the core is calculated 
using the CEFLASH-

4AS phase 
separation model.

Outlet 
Plenum

(C)

Bottom of FAP to 
top of hot-leg

The liquid volume in 
the outlet plenum is 

calculated by 
applying the core-to-
outlet plenum area 
ratio to the core exit 

void fractionTop inactive core 
(top of active core to 

bottom of FAP)

Total Volume, ft3

TS
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Figure 3-1 Mixing Volume Change
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Figure 3-1 Mixing Volume Change
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Figure 3-2 The Mixing Volume Calculated by Interim Methodology
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Figure 3-2 The Mixing Volume Calculated by Interim Methodology
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4 RESULTS OF LTC ANALYSIS

The objective of this technical report is to describe improvements arising from changes in the 
methodology and the LTC codes. For the analysis of LTC, the new mixing-volume-calculation and 
cooldown methodology is the same as that used for the Westinghouse LTC analysis of Waterford 3 
(Reference 2) at extended power uprate. 

The LTC analysis predicts that the RCS will be refilled at various times depending on break sizes, as 
shown in Figure 4-1. As shown in the figure, for a break size as large as 0.04 ft2, the RCS is refilled within 
eight hours. In addition, the LTC analysis determines that the time over 14 hours is required to exhaust all 
auxiliary feedwater during cooldown of the RCS. Therefore, to allow a sufficient margin of time to avoid 
exhaustion of auxiliary feedwater, a period of eight to nine hours is selected for the operator to decide 
whether the small break LTC procedure is appropriate. These results demonstrate that SCS can be used 
for breaks as large as 0.04 ft2 for long-term cooling and flushing of the core. The LTC analysis also 
determines that the large-break procedures can flush the core for break sizes down to 0.004 ft2.

The operator chooses the appropriate procedure based upon the RCS pressure indicated at between 
eight and nine hours. Figure 4-2 presents the RCS pressure at eight hours for a wide range of break sizes. 
A decision point pressure of 450 psia is chosen. 450 psia decision point allows sufficient margin of 300
psia more conservative than an instrument error. The reasonable assurance is provided for the operator 
to select the proper procedure for any break size.

The BORON code calculates the transient boric acid concentration in the RCS. The results are shown in 
Figure 4-3. As shown in the figure, flushing flow of 30 gpm can prevent the boric acid precipitation. The 
designed hot leg injection is 421.39 gpm. The boil-off rate is 365.283 gpm at the time of simultaneous 
injection and the flushing flow is 56.107 gpm. Thus it can be concluded that the sufficient amount of 
margin exists in the core flush flow. Moreover, as shown in Figure 4-4, the interim methodology is more 
conservative than the traditional CENPD-254 methodology from the perspective of boron precipitation
time. 
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Figure 4-1 RCS Refill Time vs. Break Area
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Figure 4-1 RCS Refill Time vs. Break Area
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Figure 4-2 RCS Pressure after Refill vs. Break Area
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Figure 4-2 RCS Pressure after Refill vs. Break Area
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Figure 4-3 Inner Vessel Boric Acid Concentration vs. Time
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Figure 4-3 Inner Vessel Boric Acid Concentration vs. Time
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Figure 4-4 BORON Calculated Results of Mixing Volume Change
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Figure 4-4 BORON Calculated Results of Mixing Volume Change
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5 CONCLUSIONS

On the basis of the information in this technical report, the mixing volume is evaluated by applying interim 
methodology. Boric acid precipitation does not occur when simultaneous injection is started three hours 
after the accident. It is concluded that the existing codes and methodologies are appropriate for the 
APR1400 LTC analyses. In addition, it is concluded that the information provided in this technical report 
supports its purpose to provide key technical information related to the computer codes, methods, and 
models applicable to the regulatory requirements.

RAI 398-8457-Question 15.06.05-5_Rev.1 Attachment 2(24/24)

twotwo



 
Design Features to Address GSI-191                             APR1400-E-N-NR-14001-NP, Rev.0 

KEPCO & KHNP         19

Non-Proprietary 

3.6 Net Positive Suction Head 

NPSH is a measure of the fluid energy at a pump inlet.  Required NPSH (NPSHr) is the minimum fluid 
energy, in excess of the vapor pressure energy, required at the pump inlet to prevent cavitation from 
occurring inside the pump and to obtain satisfactory operation.  NPSH is typically specified by the pump 
manufacturer and is a function of the pump flow rate.  Available NPSH (NPSHa) is the fluid energy 
available at the pump inlet based on the system configuration and operating conditions.  The NPSH 
margin (NPSHm) is the difference between NPSHa and NPSHr and must be greater than zero to preclude 
pump cavitation. 

 

3.6.1 System Operation 

Figure 3.6-1 shows the schematic flow diagram of the ECCS.  Emergency core cooling is provided by the 
safety injection system (SIS).  The SIS consists of four mechanically separated trains, four SITs, and 
associated valves, piping and instrumentation.  Each SIP is normally aligned with its own suction line 
from the IRWST and its own discharge line to a DVI nozzle on the reactor vessel (RV) or the DVI 
nozzle/hot leg.  SI lines 1 and 2 inject the borated water to the RCS through the DVI nozzles and SI lines 
3 and 4 inject the borated water to the DVI nozzles or HL injection lines during the long-term mode.  
 
The SIS automatically goes into operation upon indication that a significant breach in the RCS boundary 
has occurred.  The SIPs are automatically initiated by the SIAS, and the short-term mode of operation is 
also initiated upon an SIAS.  An SIAS is produced upon two-out-of-four coincident low PZR pressure or a 
high containment pressure signal.  Operator actions are required to initiate the long-term mode.  
Operator actions depend on break size, time into the LOCA, and whether the LOCA has been isolated.   
 
The long-term mode is manually initiated at approximately 2 to 3 hours post-LOCA when HL injection 
valves in the discharge piping of SIPs 3 and 4 are opened, and the DVI flow path cold side valves of SIPs 
3 and 4 are closed.  The DVI nozzle flow paths of SIPs 1 and 2 remain open.  The configuration of SIPs 
3 and 4 injecting into the HLs and SIPs 1 and 2 injecting into their respective DVI nozzle provides 
circulation flow through the core.  For SBLOCAs, the SIPs provide makeup for spillage, while the RCS is 
cooled down and depressurized to shutdown cooling (SC) initiation conditions using the SG atmospheric 
dump valves and auxiliary feedwater system. 
 
The CSS consists of two 100% capacity trains, each of which has two independent CSPs, two 
containment spray heat exchangers (CSHXs), two CS mini-flow heat exchangers, CS headers, and 
associated valves.  Figure 3.6-2 shows the schematic flow diagram of CSS.   
 
The CSPs are automatically actuated by an SIAS or a CSAS from the ESF actuation system.  The CSAS 
is initiated by a coincidence of two-out-of-four high-high containment pressure signals or two remote 
manual signals from the control room or by loss of power to two-out of-four actuation logic channels.  The 
CSAS opens the CS header isolation valves to the containment.   

Once the CSPs are started and the valves are opened, the spray water flows into the CS headers. These 
headers contain spray nozzles that break the flow into small droplets enhancing the water's cooling effect 
on the containment atmosphere.  As these droplets fall to the containment floor, they absorb heat until 
they reach thermal equilibrium with the containment.  The units are designed to reduce the containment 
atmosphere pressure 24 hours after an accident to half of the calculated peak pressure.  The CSPs are 
functionally interchangeable with the SCPs when not required to perform their requisite design basis 
function, assuming a loss of offsite power (LOOP) and single failure.  The CSPs can be used as a backup 
to the SCPs to provide residual heat removal, and the CSPs and the CSHXs can be used as a backup to 
the SCPs and the SC heat exchangers to provide cooling of the IRWST. 
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4.3.2.2 Fiber Loads at Cold-leg Break Condition 
 
In the event of a cold-leg break, only a part of ECC water is injected into the core.  The core flow rate is 
limited by the core boil-off rate (already described in Section 4.3.1.2.2).  The current section describes 
the total amount of fiber loads following a cold-leg break. 
 
Assumptions 
 

1) All debris is generated during the first 700 seconds (11.7 minutes) after the cold-leg break. 
 

2) All debris is completely mixed into the IRWST at 700 seconds. 
 

3) Debris is not trapped at any location along the flow paths. 
 
Equations 
 
The total amount of debris transported to the core (MCORE) is calculated as follows: 
 

Water

BO
totCORE M
MMM �  

 
where, 
 Mtot : total amount of bypass debris (fiber : 1.67 kg (3.68 lbm)) 

MWater : minimum amount of IRSWT water (993.2 m3 (262,388 gal)) 
MBO : total amount of boil-off water 

 

dttWM
t

BOBO �� � )(
max

7.11
 

 
Where, 
 WBO : boil-off rate 
       tmax : start time of HLSO operation (3 hours) + 1 hour for conservatism = 4 hours (240 minutes) 
 
The time dependent boil-off rate at 240 minutes is calculated by the methods described in Section 
4.3.1.2.2, and the value is 1,491 L/min (393.9 gpm) as shown in Figure 4.3-1. 
 
Calculation 
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4.3.4.5 Results 

In conclusion, the maximum total deposit thickness and the peak cladding temperature are maintained 
within acceptance bases provided in Reference [4-7] with sufficient margin. 

4.3.5 Boric Acid Precipitation 

The APR1400 design uses boron to control core reactivity, and is subject to concerns regarding potential 
post-LOCA boric acid precipitation (BAP) in the core.  To prevent the core region boric acid concentration 
from reaching the precipitation point, there is a procedure that instructs the operators to initiate a hot-leg 
switchover operation within 3 hours after a cold-leg break (Reference [4-9]). 

There are additional concerns about the potential for debris in the core to change flow patterns or 
otherwise inhibit the mixing of boric acid that could result in earlier BAP.  Debris beds within the core 
could block the coolant channels and inhibit core cooling when higher amounts of fiber are involved. 

To address these concerns on higher fibrous-debris loads, the APR1400 is designed as a “low fiber plant” 
by exclusion of fibrous material within the zone of influence of a high-energy line break.  The maximum 
anticipated fibrous-debris load for a cold-leg break is about [    TS] grams per fuel assembly (Section 
4.3.2.2). This is less than the 7.5 grams (0.017 lbm) limit accepted by the NRC (Reference [4-8]). 

Therefore, it is concluded that the debris ingested by the reactor vessel would not significantly affect the 
mixing capability of boric acid in the APR1400. 

4.3.6 Fuel Assembly Testing 

APR1400 fuel-assembly tests have been performed to confirm that the head losses caused by debris 
deposited on a fuel assembly, meet the available driving head following a LOCA.  

In this test, various ranges of debris amounts (15 g (0.033 lbm) of fiber, 900 g (1.984 lbm) of particulates, 
and 768 g (1.693 lbm) of chemical debris) are applied. The testing represents that the particle-to-fiber ratio 
of ‘1’ produces the highest pressure drop for constant fiber loading under the hot-leg break condition, and 
‘50’ under cold-leg break condition.  The presence of chemical debris causes an additional increase in 
the overall pressure drop. However, after some amount of chemical debris is added, subsequent chemical 
debris does not increase the pressure drop.  A summary of test results is presented in Table 4.3-12. 

The pressure drop criterion of the hot leg-break condition is [ TS] kPa.  All the test results show lower 
pressure drop than the acceptance criterion, and the highest pressure-drop is [ TS] kPa.  The 
pressure drop acceptance criterion for the cold-leg break condition is [     TS] kPa, and the highest 
pressure drop is [      TS] kPa.  Figures 4.3-8 and 4.3-9 present the pressure-drops for hot-leg break and 
cold-leg break tests, which give the limiting results.  Detailed descriptions of the test results are found in 
(Reference [4-10]).  

Therefore, a sufficient driving force is available to maintain an adequate flow rate, and the long-term core 
cooling capability is adequately maintained in the APR1400. 
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6.3-25 

The detailed description of seismic classification and design is described in Subsection 
3.2.1 and Section 3.7. 

6.3.2.6.4 Water Hammer 

The SIS design addresses system dynamic loads such as those that may result from water 
hammer.  Plant operating and maintenance procedures are prepared in accordance with 
guidelines to minimize the potential for water hammer.  Design features, such as vents and 
drains, are provided in SIS piping and used in conjunction with these procedures to provide 
reasonable assurance that these lines are maintained (restored in the case of maintenance or 
repair) in a water-filled condition.  Maintaining the SIS in a water-filled condition 
minimizes the potential for water hammer during system startup. 

6.3.2.7 Provisions for Performance Testing and Inspection 

The SIS is designed to allow for periodic in-service inspection and functional testing.  The 
design provides the capability of periodically demonstrating that the system operates 
properly when an accident signal is received.  The provision is made to conduct the full 
flow test using the return line during power operation.  The SITs are designed to have the 
sampling line to inspect the boron concentration.  The SIS design incorporates provisions 
to allow for testing of motor-operated valve (MOV) under differential pressure.  
Performance testing is described in Subsection 6.3.4. 

6.3.2.8 Manual Actions 

The short-term injection mode of operation is automatically initiated by an SIAS. 

The long-term mode is manually initiated at approximately 3 hours post-LOCA at which 
time the hot leg injection valves in the discharge piping of SI pumps 3 and 4 are opened and 
the corresponding DVI flow path cold side valves are closed.  The DVI nozzle flow paths 
of SI pumps 1 and 2 remain open.  The configuration with SI pumps 3 and 4 injecting into 
the hot legs and SI pumps 1 and 2 injecting into their respective DVI nozzles provides 
circulation flow through the core.  For small pipe breaks, the SI pumps provide makeup 
for spillage while the RCS is cooled down and depressurized to shutdown cooling initiation 
conditions using the steam generator atmospheric dump valves and auxiliary feedwater 
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Table 6.3.2-2 (12 of 14)  

Part B.  Injection Mode (Long-Term Injection) 
At 1 hour after the LOCA, the operator initiates cooldown with the steam generators (SGs).  Steam is relieved through the turbine bypass system 
if ac power is available or through the atmospheric dump system if power is unavailable.  If shutdown cooling entry condition can be achieved 
within 3 hours, the SCS is placed in operation.  If it appears that SCS cannot be achieved within 3 hours, then at 2-3 hours after the LOCA, the 
SI pump discharge lines are realigned so that the total injection flow is divided equally between the DVI lines and hot legs.  This is the same 
line-up as the short-term injection mode above, with the following changes and additions. 

No. Name 
Failure 
Mode Cause 

Symptoms and Local Effects 
including Dependent 

Failures Method of Detection 
Inherent Compensating 

Provision 
Remarks  

and Other Effects 

1 SI (line) 
hot leg 
(injection) 
isolation 
valve 
SI-604 
SI-609 

a) Fails open � Mech. 
binding 

� Electrical 
malfunction 

� Corrosion 

None � Periodic testing 
� Valve position 

indication in 
control room 

Si hot leg injection line 
isolation valves 
(SI-321/331) are closed 

Valve is normally 
locked closed 
during short-term 
injection mode of 
operation 

b) Fails 
closed 

Same as 1a Loss of one hot leg injection 
flow path 

Same as 1a Redundant SI train  

2 SI line 
(DVI 
injection 
isolation 
Valve 
SI-636 
SI-616 

a) Fails 
closed 

� Mech. 
binding 

� Electrical 
malfunction 

� Corrosion 

None � Valve position 
indication in 
control room 

� Periodic testing 

Parallel redundant DVI 
injection lines 

 

b) Fails open Same as 2a Injection flow is not divided 
equally between the DVI 
lines and hot legs 

Same as 2a None  
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Test results will not be included in the non-proprietary version of this document. 
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