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ABSTRACT 

Inherent heterogeneous dilution, following a Loss of Coolant Accident (LOCA), may be caused by a slug 
of water in the reactor coolant loops that forms due to the condensed steam accumulated in Steam 
Generator (SG) tubes. When the water level in the Reactor Pressure Vessel (RPV) is low enough and the 
core temperature causes the coolant in that region to boil, reflux-condensation conditions are established. 
Under such conditions, water with almost no boron is collected in a region of the primary system forming 
a non-borated slug. If subsequent natural circulation and restart of one Reactor Coolant Pump (RCP) is 
established, the slug can be transported to the core. The size of the slug shall be determined based on 
evaluation and experimental results. 

This report is to describe the boron dilution analysis result of the reactor vessel following a small break 
loss of coolant accident (SBLOCA) for the APR1400 design. This report provides the overview of the 
boron dilution accident and the description of specific assumptions incorporated into calculations used to 
analyze the Boron Dilution Analysis (BDA), as well as a discussion of the bases for applying these 
calculations to the APR1400 design. The supporting analysis result conducted based on 3D CFD code 
result is presented and compared after mixing calculation section. Based on the results of this analysis, it 
is concluded that the APR1400 core remains subcritical in the circumstances of boron dilution accident 
occurring after small break LOCA at all time. 
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ACRONYMS AND ABBREVIATIONS 

LOCA Loss of Coolant Accident 

SG Steam Generator 

RPV Reactor Pressure Vessel 

RCP Reactor Coolant Pump 

BDA Boron Dilution Analysis 

CBC Critical Boron Concentration 

NC Natural Circulation 

SIP Safety Injection Pump 

SIT Safety Injection Tank 
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1 INTRODUCTION 

 
Following a small break Loss of Coolant Accident (SBLOCA), a slug of water can be formed due to 
condensed steam accumulated in Steam Generator (SG) tubes, in the reactor coolant loops. The initiation 
of natural circulation would cause this slug of unborated water to move into the reactor vessel. In addition, 
the restart of the Reactor Coolant Pump (RCP) would cause this slug of unborated water to move into the 
reactor vessel. The slug enters the vessel through a cold leg and then travels along the downcomer. 
Again the slug moves into a lower plenum and it turns upward to enter the core. During this period, the 
slug of unborated water is mixed with the borated water in the Reactor Coolant System (RCS). Two 
scenarios of boron dilution accident may cause a reactivity excursion if the water slug is not sufficiently 
mixed with the borated water in the RCS.  
 
This report is prepared to demonstrate the subcriticality condition of boron concentration in the active core. 
The mixing calculation is conducted to show the core maintaining Subcriticality by sufficient mixing 
phenomena after the boron dilution accidents occurs. The additional information of 3-D CFD analysis is 
provided to support the mixing calculation. This report is written to provide calculation information and 
result for consequences of boron dilution analysis of APR1400 plants.  
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2 DESCRIPTION OF THE EVENTS 

 
The transport of large amounts of steam generator condensate from the loop seals to the core during a 
small break LOCA occurs several hours after the start of the accident. Because of this long time period, 
this transient spans the entire time of the small break LOCA and the post LOCA long term cooling 
behavior. A representative sequence of events for this transient is given below. 
 
1. A small break occurs in the cold side of the RCS. The RCS loses mass through the break and so the 

top parts of the steam generator tubes uncover. This breaks the liquid loop in the RCS. Thus, the 
natural circulation of liquid flow from the core to the SGs ends. 

 
2. As the RCS pressure drops, the safety injection pump (SIP) delivers borated safety injection water 

(minimum of 4,000 ppm) through the Direct Vessel Injection (DVI) line(s) to the vessel annulus. 
 

3. The core is cooled by boiling liquid. The liquid consists of initial borated inventory, incoming borated 
safety injection pump(s) liquid (minimum concentration of 4,000 ppm), and unborated liquid that has 
refluxed from the steam generator (hot side) condensate. 

 
4. The steam evolved in the core has a very low boric acid concentration. The steam condenses in the 

steam generators, so long as the primary side temperature exceeds that of the secondary side. The 
condensate has a very low boric acid concentration. 

 
5. Approximately, half of the condensate refluxes to the core and the remainder collects in the cold legs. 

The condensate is at the saturation temperature. 
 

6. The operator initiates a secondary side cooldown after it has been established that a small break 
LOCA has occurred. This maintains the secondary side temperature below the primary side 
temperature and causes continued condensation in the RCS. 

 
7. The safety injection pump(s) flow is realigned from the DVI line(s) to both the DVI line(s) and the hot 

legs within 2 to 3 hrs. 
 

8. The 50 percent of the safety injection pump(s) flow into the hot legs, enters the top of the core, and 
heat to saturation. Some steam is evolved and flows to the steam generators. The 50 percent portion 
of the safety injection pump(s) flow into the DVI lines enters the upper part of the annulus. This, 
together with the flow from the core, fills up the annulus. 

 
9. When the liquid level in the annulus rises above that of the cold legs, a backflow of borated safety 

injection pump(s) liquid into the cold legs occurs. This backflow should then mixes with the unborated 
condensate in the loop seals. 

 
10. When the one RCP is restarted, unborated water slug accumulated in the loop seal region moves into 

reactor vessel and then goes down to the downcomer region, lower plenum, and finally enters to the 
core. 

 
11. Continued safety injection pump(s) liquid inflow to the RCS causes the liquid levels to rise in the cold 

and the hot sides of the steam generator tubes. 
 

12. When the RCS is filled to the top of the shortest SG tubes, a natural circulation is initiated and a 
diluted mixture from the RCS cold side enters the core.  
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3 ACCEPTANCE CRITERIA 

 
The boron dilution accident is about recriticality control problem. The critical boron concentration can be 
calculated by ROCS [1] code to determine recriticality in the active core region. The calculated critical 
boron concentration along initial conditions are shown in the Table 3-1. 
 
 

Table 3-1 Critical Boron Concentration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In most of the accident conditions, the reactor is tripped which results in subcriticality. In such cases, the 
reactor shall be kept subcritical during the whole course of the accident. Therefore, return to criticality is 
not allowed in any accident conditions. 
  

TS 
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4 ASSUMPTIONS OF BORON DILUTION ANALYSIS 

4.1 Volume of unborated water slug 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-1 Assumption of unborated water volume 

TS 

TS 
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Table 4-1 Comparison of system component volumes between System80+ and APR1400 

 
 

 
 
  

TS 
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4.2 Initial and Boundary Condition 

In order for unborated condensate to accumulate in the cold side of the RCS after an SBLOCA, the liquid 
circulation loop across the tops of the steam generators must be broken and the SG secondary side 
temperature must be less than that of the primary. This forces the core to boil steam in order to remove 
heat. The steam is condensed back to liquid in the steam generators and a portion flows into the cold side. 
Important parameters are critical boron concentration, temperature and pressure of the core, initial boron 
concentration in the RCS, and the volume of unborated water. In the design phase of the APR1400, 
evaluation were performed to estimate the initial boron concentration of the RCS for the long term after an 
SBLOCA.  
 
 
4.2.1 Conservatism of initial boron concentration 
 
During an SBLOCA, the emergency core cooling water from safety injection systems is injected into the 
core. The boric acid concentration in the inner vessel (core support barrel) continues to rise in the long 
term following an SBLOCA. This is a result of the input of highly borated safety injection liquid from the 
vessel annulus and the boil-off of low borated steam in the core (only half of which refluxes back from the 
hot side of the SGs). Therefore, very highly borated liquid, of over 20,000 ppm [2], exists in the cold 
discharge legs, the vessel annulus, and inside the Core Support Barrel (CSB) before mixing with the 
assumed unborated condensate from the RCPs, loop seals and SGs. Nevertheless, the initial boric acid 
concentration in the core region is assumed as only 4,000 ppm equal to the boron concentration of the In-
Containment Refueling Water Storage Tank (IRWST) and the Safety Injection Tank (SIT). This is a 
conservative approach for initial and boundary conditions in the case of an unborated water slug entering 
when natural circulation in the loops commences or RCP restarts. 
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5 JUSTIFICATION OF MIXING CALCULATION 

 
 
 
 
 
 
 
 
 
 
 

5.1 Mixing in the Downcomer Region 

The reactor coolant enters the inlet nozzles of the reactor vessel, flows downward between the reactor 
vessel wall and the core support barrel, and passes through the flow skirt section where the flow 
distribution is equalized, and into the lower plenum. The coolant then flows upward through the core, 
removing heat from the fuel rods. Generally, the temperature of unborated water slug is higher than the 
temperature of downcomer inventory due to the cold ECCS water by SIPs or SITs. After initiating natural 
circulation or restarting one RCP, the unborated water slug in the loop seal region starts to mix with 
inventory of pump discharge leg volume and then moves into downcomer region. The cold unborated 
water slug cannot easily penetrate the cold downcomer inventory caused by the buoyancy effect. 
Therefore, mixing is occurring actively in this region. But mixing in this region is not considered in the 
mixing calculation for conservatism. 
 

5.2 Mixing in the Flow Skirt 

The flow skirt is used to reduce inequalities in core inlet flow distributions and to prevent formation of 
large vortices in the lower plenum. The flow skirt is supported by nine equally spaced machined sections 
that are welded to the bottom head of the reactor vessel. The flow holes are designed on the lower 
support structure bottom plate and the flow skirt to function as an orifice that stabilizes the flow and 
contributes to the uniform flow distribution at the core inlet. The flow skirt is a perforated plate installed at 
the entrance to the lower plenum from the downcomer. Due to the design feature, this equipment 
promotes flow mixing significantly to distribute flow from the downcomer to the core uniformly. Therefore, 
assumption of full mixing in the lower plenum region is reasonable for mixing calculation. 

 
 
 
  

TS 
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6 NATURAL CIRCULATION 

6.1 Scenario Description 

The scenario of unborated water delivered into core by natural circulation is described in Section 2. The 
assumed amount of unborated water described in Section 4.1 is filled in the RCS region. The unborated 
water from four loop is delivered through each cold leg into the reactor vessel simultaneously by the 
initiation of natural circulation in this scenario case. The coolant existing in reactor vessel is assumed 
4,000 ppm of borated water from Section 4.2.  
 

6.2 Mixing calculation 

According to the PKL test [3], the natural circulation phenomena do not occur simultaneously in the four 
loop. And also, the boron concentration of unborated slug volume is higher than 50 ppm. Actually, the 
unborated water will mix actively in the cold leg region, downcomer region, and flow skirt. Here, it may be 
assumed that unborated water will be mixed completely with borated water in the lower plenum region 
instead of no mixing assumption in the cold leg region, downcomer region, and flow skirt region. The 
delivered unborated water can be mixed completely in the reactor vessel region. The mixing behavior in 
the reactor vessel and flow path are described in Section 5.  
 
The flow path and selected assumed mixing region are listed in Table 4-1. The selected region has a 
unique mixing shape to enhance the thermal performance of the fuel. The unborated water is mixed to the 
borated water in reactor vessel passing through flow skirt and lower plenum structure. The downcomer 
region is excluded in this calculation for conservatism. The detail mixing volumes are presented in the 
Table 4-1.  
 
 
 
 
  

TS 
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6.3 Supporting analysis 

The 3D CFD code calculation is prepared to support Section 6.2 mixing calculation. KHNP performed a 
scoping study of the boron dilution using the FLUENT code. The resulting boron concentrations at the 
bottom of core are shown in the following Table 6-1 and the nodalization used in CFD calculation is shown 
in Figure 6-1. As indicated in Table 6-1, it is noted that the boron concentrations are much higher than 
complete mixing calculation result stated in Section 6.2 and the critical boron concentration. Therefore, 
the assumption of complete mixing behavior is conservative than the realistic 3D CFD result. 
 
 
 

Table 6-1 3D CFD BDA calculation results for NC case 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6-1 3D CFD analysis nodalization for natural circulation case 

  

TS 
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7 RCP RESTART 

7.1 Scenario Description 

The scenario of unborated water delivered into core by operating one RCP is described in this section. 
The assumed amount of unborated water described in Section 4.1 is filled in the RCS region. The 
unborated water from one loop is delivered through one cold leg connected to the operating RCP into the 
reactor vessel by the operating one RCP and the other unborated water stagnated in the other connected 
loop across the steam generator is delivered following the first unborated water in this scenario. The 
coolant existing in the reactor vessel is assumed 4,000 ppm of borated water from Section 4.2.  

7.2 Mixing calculation 

This section describes the complete mixing calculation of boron dilution analysis based on the mixing 
behavior in Section 5. The flow path and selected assumed mixing region are listed in Table 4-1. The 
selected region has a unique mixing shape to enhance the thermal performance of the fuel. The 
unborated water is mixed to the borated water in the reactor vessel passing through the flow skirt and 
lower plenum structure. 
The downcomer region is excluded conservatively in this calculation. The detail mixing volumes are 
presented in the Table 4-1. The excluded mixing volume of the RCS are cold leg, downcomer. 
 
  TS 
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7.3 Supporting analysis 

The 3D CFD code calculation is prepared to support Section 6.2 mixing calculation. KHNP performed a 
scoping study of the boron dilution using the FLUENT code. The resulting boron concentrations at the 
bottom of core are shown in Table 7-1 and the nodalization used in CFD calculation is shown in Figure 7-
1. As indicated in Table 7-1, it is noted that the boron concentrations are much higher than complete 
mixing calculation result stated in Section 7.2 and the critical boron concentration. The 3D calculation 
result is higher than the mixing calculation result. Therefore, the assumption of complete mixing behavior 
is conservative than the realistic 3D CFD result. 
 
 
 

Table 7-1 3D CFD BDA calculation results for one RCP restart case 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7-1 3D CFD analysis nodalization for RCP restart case 

 
  

TS 
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8 CONCLUSIONS 

 
This report demonstrates the subcriticality condition of boron concentration in the active core. Recriticality 
does not occur after initiating the natural circulation and one RCP restart in the APR1400 plants. The 
calculation was performed for natural circulation and one RCP restart case. The methodology, 
assumptions, and initial condition of mixing calculations were presented. The mixing calculation result 
concludes the minimum boron concentration in the core region after boron dilution accident occurrence by 
natural circulation or one RCP restart is higher than critical boron concentration. It is concluded that the 
core remains subcritical when boron dilution accident occurs after small break LOCA. And also, 3D CFD 
calculations were performed to support the justification of mixing calculation for the initiation of natural 
circulation and restart of one RCP.  
 
The analysis results have shown that the minimum boron concentration is higher than the critical boron 
concentration during the mixing transient. Therefore, it is demonstrated that the core remains subcritical 
and adequately cooled for the APR1400. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Post-LOCA Boron Dilution Analysis  APR1400-F-A-NR-16004-NP, Rev.0 

KEPCO & KHNP   13 

Non-Proprietary 

9 REFERENCES 

1. “The ROCS and DIT Computer Codes for Nuclear Design,” CENPD-266-P-A, C-E Proprietary 
Topical Report, April 1983. 

2. CESSAR-DC Chapter 6.3, Appendix 6C, Table 6C-1 

3. ANP-10288NP, Rev.0, “U.S. EPR Post-LOCA Boron Precipitation and Boron Dilution Technical 
Report”, November 1994. 

4. 00000-FS-C-209, Rev.0, System80+ Reactor Vessel Boron Mixing Following a Small Break 
LOCA Assuming Restart of One RCP, April 1994. 

5. N-411-FS-D301-014, Rev.0, KNGR SSAR Boron Dilution Analysis Following a Small Break 
LOCA with Natural Circulation Flow, February 1999. 

6. N-411-FS-D301-015, Rev0, KNGR SSAR Boron Dilution Analysis Following a Small Break LOCA 
Assuming Restart of One RCP, February 1999. 

7. N-411-FS-D301-017, Rev0, KNGR Standard Design Boron Dilution Analysis Following a Small 
Break LOCA (Technical Evaluation Report), February 1999. 

 


